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FOREWORD 

The  Second  International  Symposium  on  Problems  Related  to  the  Redefinition 
of  North  American  Geodetic  Networks  was  held  in  Arlington,  Va.,  a  suburb  of 
Washington,  D.C.,  April  24-28,  1978.  The  purpose  was  to  discuss  the  progress  of 
the  New  Adjustment  of  the  North  American  Datum  since  the  First  Symposium  in 
1974  in  Fredericton,  Canada.  (See  Abbreviated  Proceedings,  Canadian  Surveyor, 
28  (5),  1974:  436-749.) 

This  publication  is  a  compilation  of  the  technical  papers  presented  at  the 
Second  Symposium  and  covers  the  status  of  the  New  Adjustment  as  it  reaches 
midpoint,  methods  and  procedures,  and  future  direction  of  the  project,  which  is 
scheduled  for  completion  in  1983. 

The  symposium  was  sponsored  jointly  by  the  governments  of  the  three  nations 
who  have  undertaken  this  8-year  program:  Canada,  Denmark  (Greenland),  and  the 
United  States.  Scientists  from  17  nations  met  to  present  their  relevant  findings. 
The  stimulating  discussions  which  ensued  will  be  beneficial  as  we  prepare  for  the 
next  4  years. 

In  the  interest  of  authenticity,  these  proceedings  in  general  have  not  been 
edited  except  for  conformity  to  format.  They  are  published  in  their  entirety  as 
submitted  by  the  authors  including  minor  regional  variations  in  English  usage. 
Responsibility  for  contents  and  administrative  clearances  were  assumed  by  the 
authors. 

As  Symposium  Director,  I  am  pleased  at  the  geodetic  community's  response. 
To  my  fellow  employees  of  the  National  Geodetic  Survey,  NOAA/NOS,  who 
assisted  me  with  many  administrative  details,  and  to  Moshman  Associates,  who 
handled  the  logistics,  I  express  my  appreciation.  I  am  also  indebted  to  Petr 
Vanicek  of  the  University  of  New  Brunswick,  Canada,  for  transcribing  and  editing 
the  discussion  dialogue. 


John  G.  Gergen 
Symposium  Director 
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KEYNOTE  ADDRESS 


Richard  A.  Frank 

Administrator,  National  Oceanic 

and  Atmospheric  Administration 

RockviUe,  MD  20852 


Thanks  to  each  of  you  for  coming  to  this  symposium  and  a  special  welcome  to 
those  of  you  who  are  visiting  Washington.  April  is  a  very  pleasant  month  to  be 
here.  At  this  time  of  year  Washington's  climate  produces  a  colorful  mixture  of 
evergreens  and  flowering  trees  which  lasts  only  a  short  time.  I  hope  you  will  have 
an  opportunity  to  visit  some  of  our  park  areas  as  well  as  the  museums  while  you 
are  here. 

As  Administrator  of  the  National  Oceanic  and  Atmospheric  Administration 
(NOAA),  which  is  responsible  for  our  country's  geodetic  programs,  I  am  pleased 
and  honored  to  be  here  and  to  have  the  chance  to  speak  with  you. 

This  is  an  important  meeting  for  all  of  us.  It  provides  a  forum  for  you  to 
present  the  progress  you  have  made  toward  the  redefinition  of  your  networks. 
Equally  significant  is  the  opportunity  for  each  of  you  to  share  new  ideas  and 
methods  for  achieving  your  goals.  I  hope  that  by  the  end  of  your  deliberations  you 
will  have  reached  mutual  agreement  on  how  to  proceed  to  complete  the  redefinition 
of  the  horizontal  control  network  of  North  America.  Success  for  the  project  is 
already  assured.  However,  our  mutual  desire  for  excellence  demands  that  we 
accomplish  the  task  in  the  most  resourceful  way.  Considering  the  collective 
wisdom  and  expertise  that  is  represented  here,  I  am  sure  that  a  significant 
advancement  will  be  made  in  this  great  endeavor. 

Many  of  you  met  at  the  University  of  New  Brunswick  in  1974  to  help  develop 
the  plans  for  the  redefinition  project.  When  I  saw  the  program  for  this  symposium, 
1  gained  a  greater  appreciation  for  the  international  aspects  of  this  project.  In 
addition  to  the  United  States,  this  project  directly  involves  the  geodetic  control 
networks  of  Denmark,  Canada,  Mexico,  and  the  republics  of  Central  America.  As 
a  part  of  the  worldwide  scientific  community,  you  are  demonstrating  that  people 
and  governments  can  work  together  toward  a  common  goal.  The  associations  and 
friendships  you  are  forming  will  extend  beyond  the  present  task. 

I  have  learned  that  Commission  Ten  of  the  International  Association  of 
Geodesy  is  actively  promoting  the  important  concept  of  a  unified,  worldwide 
geodetic  system.  The  countries  of  North  America,  as  well  as  many  others,  as 
shown  by  the  attendance  here  today,  are  working  to  implement  this  concept.  Many 
of  your  countries  have  held  similar  symposia  in  recent  times  with  notable  success. 
Less  than  a  month  ago,  for  example,  a  geodetic  symposium  was  held  in  Nigeria, 
where  I  am  sure  some  of  the  technical  problems  associated  with  completing  the 
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geodetic  networks  are  similar  to  those  associated  with  our  North  American  efforts. 
Just  as  we  in  this  country  benefit  from  the  experiences  and  achievements  of 
others,  geodesists  from  the  emerging  African  countries  will  be  able  to  benefit  from 
our  experiences  and  achievements. 

The  North  American  continent  has  an  unusual  problem.  Its  population  density 
is  sparse  compared  with  most  of  the  developed  world.  As  a  result,  the  use  of  our 
existing  geodetic  control  network  is  not  at  a  level  comparable  to  that  found  in 
Europe.  But  it  is  clear  that  geodetic  control  will  be  in  far  greater  demand  in  the  not 
too  distant  future.  Let  me  survey  briefly  some  of  the  future  demands  for  this 
comprehensive  system.  First,  geodesists  in  the  United  States  are  just  beginning  to 
experience  the  problems  associated  with  our  rapid  growth  in  population.  For 
example,  inequitable  tax  mapping  is  the  direct  result  of  inadequate  local  surveys. 
Inadequate  local  surveys  are,  in  turn,  the  consequence  of  inadequate  or  underused 
geodetic  control.  The  new  system  will  provide  the  basis  for  accurate  land  parcel 
recordation.  Second,  we  are  rapidly  learning  that  many  of  the  natural  resources 
which  were  taken  for  granted  only  a  few  years  ago  are,  in  fact,  limited.  The  results 
obtained  from  this  project  will  play  a  role  in  preparing  an  inventory  of  the  Earth's 
resources  and  how  humans  are  using  them.  Third,  it  will  serve  in  the  delineation 
of  our  offshore  boundaries.  And  fourth,  it  will  assist  in  the  successful  launching 
and  recovery  of  space  vehicles.  Lastly,  this  project  has  enormous  research  value  to 
other  scientists,  particularly  in  geophysics,  because  150  years  of  historical  geodetic 
information  will  be  placed  in  computer-readable  form.  Many  scientists  who  are 
actively  involved  in  earthquake  research  believe  that  there  is  no  substitute  for 
temporal  geodetic  observations.  Without  the  emphasis  on  the  redefinition,  it  is 
unlikely  that  our  historical  geodetic  data  would  become  readily  available  for  these 
far-reaching  scientific  applications. 

The  redefinition  is  already  having  an  effect  on  the  U.S.  surveying  community. 
Many  Federal  and  State  agencies  and  local  governments  are  submitting  geodetic 
control  data  to  NOAA  for  inclusion  in  the  redefinition.  Since  the  redefinition  of  the 
horizontal  network  will  be  completed  in  4  to  5  years,  a  degree  of  urgency  and 
importance  has  been  imparted  to  the  local  agencies.  This  sense  of  exigency  has,  in 
turn,  encouraged  a  timely  response  from  all  types  of  users  of  geodetic  data.  We 
are  convinced  that  U.S.  geodetic  activities  have  reached  a  new  plane  of  prominence 
as  a  result  of  the  redefinition  project. 

I  am  most  pleased  with  the  scientific  contributions  resulting  from  the 
redefinition  project.  The  contributions  of  international  scientists  working  with 
NOAA,  through  the  National  Research  Council's  Senior  Scientist  Program  of  the 
National  Academy  of  Sciences,  are  particularly  significant  in  the  fields  of  numerical 
analysis,  statistics,  and  linear  algebra.  This  remarkable  program  has  provided 
fertile  ground  for  able  minds  and  has  already  reaped  a  rich  harvest  of  innovations 
and  advances. 

Now  a  few  words  about  what  I  would  like  you  to  achieve  at  this  symposium 
and  in  the  months  and  years  to  come.  At  your  first  meeting,  nearly  4  years  ago, 
you  agreed  on  the  common  goal  of  a  unified  North  American  geodetic  system  and 
laid  down  guidelines  for  reaching  that  goal.  Major  tasks  were  recognized  and 
defined,  but  the  form  and  substance  of  specific  problems  were  not  known.  As  is 
often  the  case,  problems  lay  hidden  like  rocks  in  a  garden,  to  be  uncovered  one  by 
one  as  the  work  progressed. 
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Since  that  time,  you  have  discovered  and  solved  many  of  these  problems. 
Some  of  these  problems  and  their  solutions  have  been  discussed  or  published  for 
the  benefit  of  all.  However,  some  of  you  have  been  so  busy  solving  these  problems 
that  you  have  not  had  the  opportunity  to  tell  the  rest  of  us  what  you  have  achieved. 
We  would  like  to  know,  and  this  meeting  gives  you  that  opportunity  to  share  your 
experience  and  achievements. 

Not  only  will  others  benefit  from  your  individual  experiences,  but  it  is  quite 
likely  that  each  of  you  will  also  gain  new  insight  and  inspiration  from  the  work  of 
your  colleagues.  You  may  even  find  that  someone  has  already  solved  some  of  your 
problems. 

An  equally  important  reason  for  your  being  here  is  to  coordinate  your  plans 
for  the  future.  It  is  unrealistic  to  expect  to  finish  the  overall  plan  for  completion  of 
this  project  during  the  course  of  the  meeting.  But,  I  am  sure,  great  strides  will  be 
made  toward  this  end.  Raise  the  hard  questions,  challenge  each  other's  ideas,  and 
lay  the  foundation  for  more  detailed  discussions  and  exchange  visits  in  the  months 
ahead.  Working  semi-independently,  each  country  has  moved  toward  the  common 
goal.  The  time  has  come,  however,  to  assemble  the  individual  pieces  and  start 
forming  the  final  product.  You  must  now  select  the  optimum  ways  to  integrate  the 
work  accomplished  by  each  of  your  nations. 

You  are  helping  to  write  an  important  chapter  in  the  history  of  geodesy.  I  wish 
you  success  in  your  efforts. 

Again,  thank  you  for  coming,  and  enjoy  your  stay  with  us.  I  hope  each  one  of 
you  has  an  exciting  week. 
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Abstract:  The  readjustment  of  horizontal  control  in  Canada  will  be  done 
in  three  steps.  The  primary  network  of  about  5,800  points,  consisting  of 
terrestrial  and  satellite  Doppler  surveys,  will  form  part  of  the  continental 
block  adjustment.  The  secondary  networks,  defined  as  the  first  logical 
breakdown  of  the  primary,  will  form  the  second  step,  although  there  is 
the  possibility  of  including  some  secondary  in  the  continental  solution. 
Lower  order  networks  will  form  the  next  step,  and  will  be  adjusted  to  the 
secondary  by  least  squares  or  by  some  approximate  method,  depending 
on  the  estimated  worth  of  the  points.  Geodetic  Survey  assumes  responsi- 
bility for  the  primary  network.  Integration  of  secondary  and  lower  order 
networks  is  a  cooperative  project  with  the  provinces,  and  they  are 
expected  to  assume  the  main  responsibility.  The  basic  primary  network  is 
now  complete,  and  two  preliminary  adjustments  have  been  computed. 
New  first-order  densifications  will  be  added  to  the  primary  network  file  as 
they  are  surveyed.  Inventory  and  evaluation  of  secondary  and  lower  order 
surveys  are  in  progress  at  Geodetic  Survey,  and  of  an  estimated  72,000 
points,  about  2,700  have  been  evaluated  as  projects.  In  addition  to  these, 
there  are  about  128,000  more  points  under  provincial  jurisdiction.  It  is 
expected  that  all  secondary  and  lower  order  surveys  will  be  ready  for 
integration  to  the  new  primary  network  in  1983. 

Introduction 

Geodetic  Survey  of  Canada  is  coordinating  Canada's  participation  in  the  1983 
readjustment  of  North  American  horizontal  networks.  The  benefits  to  our  country 
will  be  improved  accuracy  and  a  datum  that  is  common  not  only  within  the  country 
but  with  all  our  North  American  neighbours. 

As  planned  at  present,  the  adjustment  of  Canadian  networks  will  be  done  in 
three  steps.  The  primary  network  will  form  part  of  the  continental  network  to  be 
adjusted  by  the  Helmert  block  method  and  coordinated  by  the  U.S.  National 
Geodetic  Survey.  Adjustment  of  secondary  networks  will  form  the  next  step,  with 
the  primary  being  held  fixed,  although  there  is  the  possibility  that  some  secondary 
networks  may  be  included  in  the  continental  adjustment.  The  final  step  will  be  to 
recompute  lower  order  surveys,  bringing  all  horizontal  control  to  the  new  datum. 
The  second  and  third  steps,  the  adjustment  of  secondary  and  lower  order  control, 
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will   be   done   in   cooperation    with   the   various   provincial   and   other   Federal 
authorities. 

Results  of  the  adjustment  will  be  classified  in  accordance  with  the  Surveys 
and  Mapping  Branch  specifications  (1978)  which  are  based  on  relative  error  ellipse 
analysis. 

The  Primary  Horizontal  Network 

Geodetic  Survey  assumes  responsibility  for  the  primary  horizontal  network 
(see  fig.  1)  that  will  form  part  of  the  continental  network  to  be  adjusted 
simultaneously  by  the  Helmert  block  method.  The  primary  network  consists  of 
about  5,800  stations  and  37,000  observations,  and  is  made  up  of  mainly  first-order 
surveys  with  some  second-order,  and  currently  consists  of: 

37,500  km  chain  triangulation 

5,000  km  traverse 

240,000  km2  area  triangulation 

310  Aerodist  stations 

3,000  km2  urban  densification  (triangulation)  networks 

169  stations  of  the  main  satellite  Doppler  network 

296  stations  of  satellite  Doppler  densification 

During  the  period  from  1972  to  1976  about  600  lengths  and  50  Laplace 
azimuths  were  observed  to  strengthen  the  existing  triangulation;  and  corrections 
were  applied  to  update  astronomic  observations.  The  primary  network  was  further 


FIGURE  1.  —  Horizontal  control  framework  in  Canada  to  end  of  197' 
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strengthened  and  extended  by  first-order  traverse  and  by  satellite  Doppler  stations 
spaced  from  200  to  500  km  across  the  country.  The  method  used  and  accuracy 
achieved  in  Canadian  satellite  Doppler  positioning  are  given  in  Boal  et  al.  (1978), 
optimum  results  being  obtained  by  using  broadcast  as  well  as  precise  ephemerides 
and  by  simultaneously  observing  stations  in  groups.  The  standard  deviation  of  one 
satellite  Doppler  position  relative  to  others  is  estimated  to  be  better  than  1  m. 

Although  the  basic  primary  network  is  considered  complete  and  ready  for 
adjustment,  new  first-order  densification  surveys  such  as  triangulation  for  urban 
control  and  satellite  Doppler  stations  at  80-km  spacing  to  control  second-order 
surveys  will  be  added  to  the  primary  network  as  they  are  completed.  Data 
preparation  and  evaluation  of  the  existing  primary  network  was  complete  in  1976, 
and  the  file  is  now  being  maintained  up-to-date  as  the  new  densification  work  is 
added. 

Two  successful  preliminary  adjustments  have  been  computed,  and  are  labeled 
according  to  completion  dates:  MAY76  and  OCT77.  The  OCT77  adjustment 
contains  1977  field  work  and  hence  contains  the  more  complete  data  set.  The 
adjustments  were  computed  according  to  the  method  described  by  Peterson  et  al. 
(1974)  using  adjustment  programs  GALS2  and  GANET.  The  network  was  divided 
into  sections,  and  what  are  termed  position  equations  were  computed  for  junction 
points.  Satellite  Doppler  stations  were  included  as  special  junction  points,  and 
solution  of  junction  position  equations  was  computed  with  and  without  satellite 
data  for  comparison  purposes. 

The  MAY76  adjustment  was  computed  on  an  approximation  of  the  present 
1927  North  American  Datum,  derived  by  applying  an  eastward  rotation  of  0.65 
second  in  longitude,  —1  ppm  in  scale  and  a  suitable  translation  to  the  NWL9D 
satellite  data,  and  using  the  Clarke  1866  ellipsoid.  The  datum  used  for  the  OCT77 
adjustment  is  an  approximation  of  the  anticipated  1983  geocentric  reference 
system.  The  same  longitude  rotation  and  scale  correction  were  applied  to  the 
satellite  data,  a  mean  Earth  ellipsoid  with  a  =  6,378,135  m  and  (l/f)  =  298.257  was 
used,  and  the  origin  was  assumed  to  coincide  with  that  of  the  NWL9D  satellite 
datum.  More  details  on  these  datums  are  given  by  Kouba  (1978). 

The  geoid  used  in  both  the  MAY76  and  OCT77  adjustment  was  Goddard 
Earth  Model  8  (Wagner  et  al.  1976).  GEM8  was  used  to  compute  undulations  and 
deflections  to  correct  distances  and  directions,  respectively.  The  GEM8  model  and 
the  more  recent  GEM  10  model  define  the  geoid  with  an  rms  accuracy  of  about  2  in 
undulation  and,  when  suitably  combined  with  local  gravity  and  astrogeodetic  data, 
an  accuracy  of  1  to  2  seconds  in  deflection  is  obtained,  except  in  the  mountainous 
regions  (Lachapelle  1978a). 

In  the  preliminary  analysis  of  the  OCT77  test  adjustment  (Beattie  et  al.  1978), 
apparent  differences  of  orientation  and  scale  between  the  terrestrial  and  satellite 
networks  were  found  to  be  about  0.5  second  in  azimuth  and  1.5  parts  per  million, 
respectively.  These  results  are  preliminary  and  further  investigation  is  required, 
but  the  present  indication  is  that  the  terrestrial  network  has  a  longitude  difference 
of  about  —0.65  second  and  a  scale  difference  of  about  1.5  ppm  with  respect  to  the 
modified  NWL9D  datum. 

The  tau  distribution  as  described  by  Pope  (1975)  was  used  to  identify  outlying 
residuals.  In  the  MAY76  adjustment  54  outliers  were  identified  and  investigated, 
and  in  the  OCT77  adjustment  the  number  of  outliers  was  reduced  to  22. 
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Also,  as  a  result  of  analysis  of  the  MAY76  adjustment,  Aerodist  networks 
were  scaled  by  —5  ppm  prior  to  the  OCT77  adjustment,  the  results  of  the  latter 
adjustment  confirming  this  scale  reduction. 

The  results  of  the  MAY76  and  the  OCT77  adjustments  are  compared  with 
present  geographic  values  (NAD27)  in  figures  2  and  3.  There  is  an  area  of  virtually 
no  difference  in  northern  Ontario  for  both  adjustments.  For  the  MAY76  adjustment, 
differences  are  19  m  on  the  east  coast  and  33  m  (the  maximum)  at  the  northern 
end  of  the  Yukon/Alaska  boundary.  For  the  OCT77  adjustment,  differences  are 
generally  in  the  opposite  direction  to  those  of  the  MAY76  results,  reaching  71  m  in 
Newfoundland,  120  m  in  British  Columbia,  and  108  m  in  the  high  Arctic.  UTM 
grid  shifts  will  be  more  dramatic,  as  shown  in  figure  4.  The  shift  in  easting  will  be 
commensurate  with  changes  in  longitude,  but  the  shift  in  northing  will  exceed  the 
change  in  latitude  by  up  to  about  200  m.  This,  of  course,  depends  on  ellipsoid 
parameters  and  the  relationship  between  ellipsoid  centres.  For  a  geocentric 
ellipsoid  with  a  =  6,378,135  m  and  1//  =  298.257,  and  an  offset  of  22  m  in  A\  -157 
m  in  K,  and  -176  m  in  Z  from  the  Clarke  1866  ellipsoid  in  the  1927  NAD,  the 
computed  change  in  UTM  northing  at  longitude  82°  W  is  212  m  at  latitude  40°,  220 
m  at  latitude  55°,  and  228  m  at  latitude  70°.  These  changes  in  geographic  and 
UTM  values  will  obviously  have  a  considerable  impact  on  mapping  and  geographi- 
cally or  grid  referenced  files. 

We  are  currently  able  to  predict  1983  geographic  positions  to  within  12  m  with 
95  percent  confidence.  This  is  based  on  estimates  of  the  degree  of  accuracy  with 
which  we  can  predict  the  final  1983  datum  parameters.  This  means  that  the 
OCT77  geographic  values  should  be  within  12  m  of  the  1983  values.  The  accuracy 


Figure  2.— NAD  27— MAY76. 
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FIGURE  3.— Position  changes.  NAD27— OCT77  (geocentric). 
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FIGURE  4.— Position  changes.   NAD  27— geocentric  (geographic); 

NAD  27— geocentric  (UTM). 
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of  prediction  of  UTM  values  is  the  same  as  that  for  geographic  values,  except  that 
for  UTM  grid  northing  it  is  a  bit  larger  than  12  m,  and  this  will  be  the  case  until 
the  semimajor  axis  is  agreed  upon. 

A  decision  that  is  to  be  taken  soon  is  how  the  Canadian  data  will  be  entered 
into  the  continental  adjustment.  Some  options  being  considered  are:  (1)  Take 
Canadian  data  to  the  U.S.  National  Geodetic  Survey,  (2)  enter  Canadian  terrestrial 
blocks  (as  reduced  normals  of  junction  points)  at  an  appropriate  adjustment  level, 
and  enter  the  Canadian  satellite  data  at  the  highest  level,  and  (3)  enter  the 
Canadian  terrestrial  network  (as  reduced  normals  of  junction  points)  as  one  block, 
and  the  Canadian  satellite  data,  both  at  the  highest  level. 

If  the  choice  were  to  be  either  of  option  2  or  3,  we  might  at  the  same  time 
take  our  data  to  NGS  for  a  comparison  computation,  if  desired.  Also,  option  2  or  3 
means  that  our  present  adjustment  programs  would  have  to  be  modified,  or  that 
we  would  adapt  some  of  the  comprehensive  software  developed  at  National 
Geodetic  Survey. 

A  proposed  series  of  jointly  authored  reports  to  document  the  1983  adjustment 
was  agreed  to  by  Geodetic  Survey  of  Canada  and  the  U.S.  National  Geodetic 
Survey. 

Secondary  and  Lower  Order  Horizontal  Networks 

As  already  stated,  we  use  the  term  secondary  here  to  mean  the  first  logical 
breakdown  of  the  primary  network.  This  consists  of  second-  and  third-order 
surveys.  Lower  order,  then,  is  what  remains.  Secondary  surveys  for  the  most  part 
will  not  be  included  in  the  simultaneous  continental  adjustment,  because  the  main 
responsibility  and  data  are  with  provincial  agencies  and  because  many  secondary 
surveys  are  either  weak  or  are  very  local  densifications.  Besides,  Geodetic  Survey 
does  not  have  sufficient  resources  to  deal  with  the  large  volume  of  data  involved. 
There  are  an  estimated  28,000  secondary  and  44,000  lower  order  points  for  which 
Geodetic  Survey  assumes  at  least  partial  responsibility.  In  addition,  there  are  about 
128,000  secondary  and  lower  order  points  under  provincial  jurisdictions.  Geodetic 
Survey  will  take  responsibility  for  most  surveys  in  the  territories  and  will  assist  and 
cooperate  with  provincial  and  other  Federal  agencies  to  prepare  for  and  compute 
the  secondary  and  lower  order  steps.  In  fact,  this  assistance  and  cooperation  is 
already  taking  place  with  the  various  provinces,  and  is  in  the  form  of  exchanging 
data,  comparing  methods,  and  training. 

In  the  past  6  months,  resources  have  been  directed  from  the  primary  network 
evaluation  toward  the  secondary  adjustment  phase,  and  the  work  is  beginning  to 
accelerate.  By  starting  now,  it  is  planned  to  be  ready  to  adjust  secondary  networks 
as  soon  as  the  primary  adjustment  results  are  available  in  1983. 

Data  File 

The  Geodetic  Survey  automated  data  file  was  designed  about  1970,  and  by 
1972  much  of  the  software  was  developed  (Hoganson  1975).  The  work  of 
development  and  loading  the  file  then  languished  for  several  years  owing  to  lack  of 
resources.  The  growing  volume  of  data  and  the  new  adjustment  gave  the  project 
some  impetus  in  the  past  year  or  two.  After  considering  several  alternatives, 
SYSTEM2000,  a  data  base  management  system  maintained  at  the  departmental 
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computer  centre,  was  recently  adopted,  and  access  routines  are  currently  being 
developed  to  essentially  duplicate  the  flexible  capabilities  of  the  original  design. 
This  development  is  scheduled  to  be  complete  by  March  1979. 

To  date,  position  data  for  110,000  horizontal  and  vertical  control  points  have 
been  compiled,  and  about  80  percent  of  these  have  been  audited.  Position  data  are 
to  be  complete  by  March  1979.  Observation  data  have  now  been  defined,  and 
loading  will  soon  commence.  Meanwhile,  observed  data  needed  by  the  evaluation 
process  are  being  stored  on  temporary  files. 

Since  the  automated  file  can  be  accessed  according  to  a  variety  of  codes,  it 
can  be  used  to  assemble  blocks  for  adjustment,  but  considerable  manual  assistance 
is  required  in  the  process. 

Vertical  Readjustment 

The  proposed  continental  redefinition  and  adjustment  of  the  vertical  geodetic 
networks  in  about  1987  (Lachapelle  1978b)  will  not  benefit  the  horizontal 
adjustment.  In  fact,  the  reverse  is  the  case.  The  vertical  readjustment  will  benefit 
from  the  horizontal  readjustment.  This  is  because  some  secondary  vertical 
networks  are  being  reprocessed  to  update  them  and  provide  better  elevations  for 
horizontal  data  reduction.  These  vertical  data  will  be  retained  and  eventually  used 
in  the  proposed  vertical  adjustment. 

Summary 

The  Canadian  primary  network  that  will  form  part  of  the  continental 
adjustment  has  been  tested  in  two  preliminary  adjustments.  The  file  of  primary 
data  will  be  maintained  up  to  date  as  new  densification  is  added.  The  secondary 
and  lower  order  networks  that  form  the  bulk  of  the  work  and  have  the  greatest 
impact  on  the  user  will  be  a  cooperative  effort  with  provincial  and  Federal 
agencies.  The  Geodetic  Survey  data  file  is  an  important  factor  in  the  adjustment 
and  its  completion  is  vital.  The  adjustment  will  produce  horizontal  control  of 
improved  accuracy  on  a  new  datum;  the  large  changes  in  values  will  have  an 
impact  on  mapping,  geocoded  data  files,  and  other  users. 
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Abstract:  The  activities  related  to  the  New  Adjustment  of  the  North 
American  Datum  are  described  in  general.  Doppler  observations  have 
been  performed  in  all  networks  in  Greenland  in  order  to  connect  them  to 
the  New  Adjustment.  Data  processing  facilities  as  well  as  the  adjustment 
system  of  the  Danish  Geodetic  Institute  are  outlined. 

Introduction 

An  invitation  to  participate  in  the  New  Adjustment  of  the  North  American 
Datum  (NAD)  was  presented  to  the  Danish  Geodetic  Institute  by  Rear  Admiral 
Allen  L.  Powell,  Director  of  the  National  Ocean  Survey,  in  a  letter  of  July  5,  1974. 

This  proposal  was  considered  at  the  Danish  Geodetic  Institute  during  the 
summer  of  1974  and  in  a  letter  of  September  5  to  Captain  John  D.  Bossier  the 
invitation  was  accepted.  The  main  interest  for  a  Danish  participation  in  NAD  is 
partly  because  of  the  close  geographical  position  of  Greenland  to  North  America 
and  partly  because  of  the  need  for  a  well-defined  connection  between  the  Doppler 
system  and  the  classical  networks. 

The  Geodetic  Institute  was  also  invited  to  contribute  to  the  New  Adjustment 
in  the  theoretical  field,  and  the  main  efforts  have  been  devoted  to  geoid 
determination.  Later  at  this  symposium  C.  C.  Tscherning  will  report  on  this 
subject.  Another  contribution  was  the  visit  of  two  scientists  from  the  National 
Geodetic  Survey  in  1976.  During  March  and  April,  Charles  Schwarz  and,  during 
May  and  June,  John  Isner  stayed  at  the  Geodetic  Institute  mainly  to  study  the 
ADP  management  and  data  base  systems,  and  the  adjustment  and  transformation 
systems. 

Geodetic  Networks  in  Greenland 

A  first-order  geodetic  network  exists  along  the  west  coast  of  Greenland  from 
Frederiksdal  (latitude  60°00')  to  Thule  (latitude  76°30').  This  network  consists  of 
about  200  stations.  All  kinds  of  geodetic  measurements  such  as  directions, 
distances,  and  Laplace  azimuths  have  been  performed  according  to  first-order 
standards.  The  elevation  control  in  the  network  is  based  on  trigonometric  levelling. 
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•  Doppler  Satellite  Station 

*  Photo  Satellite  Station 

m    1  order  network 
2  order  network 


FIGURE  1.— First-  and  second-order  networks  in  Greenland. 
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The  first-order  network  has  been  extended  with  second-order  networks:  one  in 
Southern  Greenland  along  the  east  coast  and  one  north  of  Thule.  This  last  network 
is  mainly  established  in  a  cooperation  with  Marine  Science  Directorate,  Canada. 
Independent  networks  have  been  established  on  the  east  coast  of  Greenland  in 
connection  with  two  settlements,  Angmagssalik  and  Scoresbysund.  All  the  above- 
mentioned  networks  are  indicated  on  figure  1. 

Densification  of  all  the  networks  has  from  time  to  time  been  performed,  and  a 
decision  has  been  made  that  all  observations  which  may  improve  the  existing 
networks  will  be  included  in  the  New  Adjustment  of  NAD.  The  total  number  of  the 
stations  to  be  included  in  the  New  Adjustment  is  not  known  for  the  moment, 
because  the  selection  of  the  useful  measurements  has  not  been  completed,  but  it  is 
assumed  that  the  total  number  of  stations  will  not  exceed  2,000.  Later  on  all 
available  geodetic  measurements  will  be  included  in  the  New  Adjustment. 


Doppler  Satellite  Technique 

Applications  of  satellite-Doppler  technique  were  introduced  in  Greenland  in 
1974.  The  Geodetic  Survey  of  Canada  offered  to  observe  3  to  4  stations  along  the 
west  coast  of  Greenland  in  order  to  determine  the  relationship  between  the 
Canadian  and  Greenlandic  networks.  The  observations  were  performed  during  July 
1974  in  cooperation  between  the  Geodetic  Survey  of  Canada  and  the  Danish 
Geodetic  Institute.  Four  stations  were  planned  to  be  observed,  but,  unfortunately, 
it  was  not  possible  to  establish  the  fourth  station  owing  to  lack  of  appropriate 
transportation  facilities.  Table  1  gives  the  approximate  positions  of  the  three 
stations. 

A  Doppler  station  was  established  by  the  National  Geodetic  Survey  in  1975  on 
the  east  coast  of  Greenland  in  the  network  around  Angmagssalik.  The  actual 
observations  were  performed  by  Defense  Mapping  Agency  Topographic  Center 
(DMATC). 

In  1976  funds  were  made  available  for  the  Geodetic  Institute  to  establish  a 
geodetic  control  in  northern  Greenland.  The  geodetic  control  should  be  the  basis 
for  the  construction  of  a  new  series  of  cartographic  maps  covering  this  area  of 
Greenland. 

A  JMR  Doppler  survey  set  was  purchased  in  the  spring  of  1976,  and  during 
the  summer  a  number  of  position  determinations  were  performed  in  Washington 
Land  in  the  northwestern  part  of  Greenland.  The  experience  with  the  Doppler 
satellite  technique  in  this  remote  area  was  very  encouraging,  and  a  second  JMR 
Doppler  survey  set  was  purchased  in  1977.  A  rigorous  plan  for  a  Doppler  survey 
covering  the  ice-free  area  of  northern  Greenland  beginning  at  latitude  78°  in  the 
west  and  ending  at  latitude  76°  on  the  east  coast  was  established.  About  75 
Doppler  stations  will  be  observed  during  the  next  3  years. 

In  support  of  the  New  Adjustment  of  the  North  American  Datum  a  number  of 
Doppler  position  determinations  were  performed  in  the  geodetic  networks  in 
Greenland  during  1977.  A  result  of  these  efforts  was  that  all  existing  networks  may 
be  tied  to  NAD.  The  stations  are  shown  in  figure  1,  and  the  approximate  positions 
are  given  in  table  1.  The  average  distance  between  the  stations  is  about  300  km. 

In  light  of  the  fact  that  Doppler  observations  have  been  performed  in  all 
independent  networks  in  Greenland  and  that  a  total  of  16  Doppler-determined 
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Table  1. — Doppler  observations  in  Greenland. 


Station 

Year  oi 

Approx 

mate  position 

No. 

observation 

v 

A 

Measurement  performed  by 

81680 

1974 

61°09' 

314°34' 

Geodetic  Survey  oi  Canada 

61394 

1974 

67  00 

309   18 

Do. 

3348 

1974 

76  32 

291   13 

Do. 

3348 

76  32 

291   13 

Tranet  Station  018 

71501 

1975 

65  35 

322  51 

National  Geodetic  Survey 

3348 

1976 

76  32 

291   13 

Geodetic  Institute 

2056 

1976 

80  21 

292  34 

Do. 

1028 

1976 

81   11 

296  41 

Do. 

82002 

1977 

62  32 

317  48 

Do. 

7025 

1977 

64  32 

308  54 

Do. 

5025 

1977 

71  00 

307  45 

Do. 

4002 

1977 

74  01 

302  11 

Do. 

3051 

1977 

75  58 

294  54 

Do. 

2002 

1977 

78  22 

287  09 

Do. 

41100 

1977 

72  14 

336  04 

Do. 

51205 

1977 

70  25 

338  02 

Do. 

positions  exist,  it  has  been  decided  that  the  Hiran  observations  will  not  be  included 
in  the  New  Adjustment  of  NAD.  A  preliminary  investigation  from  the  Faeroe 
Islands-Norway  area  has  shown  that  an  accuracy  not  better  than  3  m  may  be 
expected,  and  consequently  the  Hiran  observations  may  be  considered  as  obsolete 
compared  to  the  Doppler  observations.  Greenland  will  thus  be  adjusted  as  an  entity 
and  connected  to  NAD  exclusively  by  means  of  Doppler  observations. 

The  reduction  of  the  Doppler  observations  may  either  be  performed  by  the 
DMATC  reduction  programme  DOPPLR  or  a  programme  system  developed  at  the 
Geodetic  Institute.  DMATC  has  put  its  programme  DOPPLR  at  the  disposal  of  the 
Geodetic  Institute,  and  a  version  of  DOPPLR  has  already  been  installed  in 
Copenhagen. 

Special  programmes  which  shall  transform  the  raw  observations  into  a  format 
suitable  for  DOPPLR  have  been  developed,  and  test  computations  have  shown 
that  whole  system  is  operational.  The  new  version  of  DOPPLR  which  will  be  used 
for  NAD  will  also  be  made  available  to  the  Geodetic  Institute.  The  use  of  this 
version  of  DOPPLR  for  the  reduction  of  the  Greenland  Doppler  observations  will 
ensure  that  the  results  are  compatible  with  the  other  Doppler  observations  used  in 
NAD. 

In  order  to  be  able  to  perform  the  whole  reduction  process  at  our  institute 
also,  the  development  of  our  programme  system  will  be  continued  and  finished 
within  a  couple  of  months. 

Data  Processing  Facilities 

The  Geodetic  Institute  replaced  the  G1ER  by  RC4000  in  1974.  This  "dator"— 
the  word  computer  is  not  general  enough,  as  such  machinery  performs  data 
manipulations  in  general,  which  may  or  may  not  be  numerical  processing — is  used 
for  nearly  all  geodetic  and  cartographic  data  processing  at  the  institute,  but  not  for 
accounting,  payroll,  etc.,  except  for  a  symbolic  accounting  of  the  jobs  run  with  it. 
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The  throughput  per  year  is  more  than  40,000  jobs.  The  geodetic  sector  of  the 
institute  uses  two-thirds  of  the  resources  (as  measured  by  the  accounting),  and  a 
fair  proportion  of  the  cartographic  work  is  also  relying  heavily  on  the  geodetic 
"programmer'  (programmel  refers  here  to  programmes,  procedures,  subroutines, 
etc.).  The  machine  runs  mostly  with  one  shift  per  day. 

The  EDP  section  at  Geodetic  Dept.  1  is  partly  a  datalogical  section  dealing 
with  development  of  programmel  and  coordinating  user  development  of  program- 
mel, and  partly  a  datamatic  section  placing  the  materiel  and  programmel  at  the 
disposal  of  the  users,  who  start  or  run  their  jobs  directly  from  terminals. 
Development,  in  general,  uses  one-fourth  to  one-third  of  the  resources,  roughly, 
measured  by  the  account  and  estimated. 


1.  MATERIEL 

RC4000  is  a  multiprogrammed  dator  of  medium  size  and  speed.  The  most 
important  units  and  their  essential  data  are: 

Central  processor  unit: 

4  work-  and  index-registers 
58  instructions 

3  micro  second  average  execution  time 

24  interrupt  levels 

word  lengths,  integers  12,  24,  48  bit 

floating  point  36  bit  mantissa,  12  bit  exponent. 

External  processor  unit: 

1  work  register,  4  control  and  status  registers 

5  hardware  instructions 

2,041  user  programmed  instructions 

20  micro  second  execution  time 

floating  point  71  bit  mantissa,  12  bit  exponent. 

Working  storage: 

Core  store  of  80  k  24  bit  words  =  160  k  12  bit 
addressable  bytes  (or  0.24  M  8  bit  bytes) 
cycle  time  1  micro  second. 

Backing  storage: 

2  disc  units  each  of  18  M  24  bit  words 

Common  disc  controller,  transfer  speed  0.6  M  word/second. 

Telemultiplexor: 

16  low-speed  input/output  channels  for  terminal 

typewriters  and  data  screens. 
4  medium-speed  channels  for  input/output  with  medium-speed 

devices  as  line  printers,  cassette  readers,  etc. 

The  peripheral  input/output  units  are  a  high-speed  tape  reader,  a  paper  tape 
punch,  a  magtape  unit  (only  for  input/output  and  safety  dumps),  a  cassette  reader 
(for  Doppler  data),  14  typewriters  and  alphanumeric/graphic  data  screens,  and  3 
line  printers. 
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2.  PROGRAMMEL 

Operating  System 

The  operating  system  is  split  in  two  parts,  the  monitor  and  one  or  more 
operative  systems,  the  latter  defining  the  mode  of  operating,  e.g.,  batch  processing 
or  time  sharing.  The  function  of  the  monitor  is  to  form  the  basis  of  multipro- 
grammed  operation  by  allocating  time  slices  to  processes,  creating  and  removing 
processes,  handling  communication  between  processes  (input/output  occurs  after 
such  communication),  and  supporting  the  data  base  protection  and  communication 
system  (Brinch  Hansen  1970,  1971).  The  monitor  also  contains  various  tables 
describing  the  processes,  the  materiel,  and  the  allocation  of  disc  areas.  In 
principle,  only  one  common  catalogue  is  used  for  the  entire  system.  This  catalogue 
is  maintained  under  the  undivisible  control  of  the  monitor. 

The  most  used  operative  system  is  BOSS2  (Lauesen  1975),  which  combines 
batch  processing  and  time-sharing  in  a  very  core-saving  way.  A  user  with  a 
terminal  in  a  time-sharing  mode  can  prepare  a  job  and  issue  various  online 
commands  for  the  creation  and  removal  of  files,  editing  of  texts  and  data,  and 
enrolling  of  jobs.  The  user  may  submit  a  job  as  an  internal  (i.e.,  offline)  job, 
meaning  that  it  is  executed  precisely  as  a  batch  job  loaded  via  the  main  reader,  or 
he  may  maintain  full  control  and  output  via  his  terminal  by  submitting  the  job  as 
an  online  job.  Jobs  are  run  in  a  dynamically  controlled  priority  system,  involving 
that  up  to  20  jobs  may  be  in  some  stage  of  their  execution,  but  only  two  jobs  will 
actually  execute  in  core  simultaneously. 

Utility  Programmel  and  Compilers 

The  manufacturer's  programmel  contains  the  usual  utility  programmel  for  file 
handling  in  a  very  modest  and  well-maintained  selection,  an  assembler,  a  very 
advanced  ALGOL  compiler,  a  nonstandard  FORTRAN  compiler  supported  by  a 
preprocessor  to  transform  from  standard  FORTRAN,  and  an  (almost)  common 
ALGOL/FORTRAN  procedure/subroutine  library.  The  ALGOL  compiler  is  so 
much  better  than  the  FORTRAN  compiler  that  almost  all  user  programming  is 
done  in  ALGOL.  The  ALGOL  library  contains  a  low-level  and  a  high-level  data 
base  system,  the  first  relying  on  indexed  sequential  files  directly  and  the  latter 
based  upon  the  former.  The  institute  uses  the  low-level  system  for  providing  its 
own  high-level  system. 

Geodetic  Environment 

The  basic  idea  behind  the  programming  at  the  institute  was  to  provide  a 
geodetic  "environment"  of  programmel  directly  stored  and  available  to  the  users. 
In  general  all  source  texts,  object  programmes,  and  precompiled  procedures  are 
directly  accessible  on  backing  storage  and  need  not  be  loaded  before  use. 

The  idea  of  geodetic  environment  means,  e.g.,  that  a  half  score  of  the  most 
used  ellipsoids  can  be  called  by  name  and  initialized  from  a  programme  at  run 
time,  and  that  other  ellipsoids  (e.g.  a  martian  ellipsoid)  can  be  introduced  and  used 
at  run  time  by  input  of  its  defining  constants  at  the  upstart  of  the  run. 

The  idea  of  data  independence  is  followed  up  to  include,  that  coordinates  in 
any  reasonable  systen^and  datum  are  automatically  transformed  to  the  system  and 
datum  wanted  by  the  user  for  his  job.  For  the  same  reason  very  little  has  been 
done  for  a  data  base  query  language,  because  jobs  needing  data  base  information 
will  connect  all  data  bases  they  are  instructed  to  connect,  decide  whether  the  data 
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base  contains   useful,   harmful,   or  useless  information  for  the  task  and  react 
sensibly  hereupon. 

Geodetic  Variable  Type 

It  has  also  been  found  useful  to  introduce  a  new  variable  in  the  family  of 
reals,  integers  etc.,  the  geotype  variable.  The  geotype  variable  uses  48  bit  for  the 
main  numerical  information  and  12  bit  for  a  description.  As  our  ALGOL  and 
FORTRAN  do  not — unlike  PASCAL — allow  user  introduced  types,  the  numerical 
information  is  a  "long,"  i.e.,  a  double  length  integer  and  the  descriptor  part  is  a  12 
bit  "boolean, "  i.e.,  a  logical  variable.  Angles  in  the  interval  —  77<=angle<7r  are 
mapped  as  the  values  from  — 247  to  247  —1  (the  machine  is  of  course  a  2- 
complement  machine).  The  actual  angular  representation  accuracy  is  nearly  10~9 
sexagesimal  seconds.  Coordinates  and  distances  are  mapped  as  integers  with  1  fi 
as  the  unit.  The  type  descriptor  describes  the  content  as  one  of  seven  different 
angular  systems  or  a  distance  and  also  how  many  decimals  have  been  input  or 
should  be  output.  The  intentions  behind  this  system  are  the  following: 

If  data  were  stored  as  reals,  reading  and  writing  a  number  might  show  floating 
point  number  migration  due  to  rounding  in  the  write  procedure,  i.e.,  the  external 
representation  of  a  number  might  be  changed  without  any  geodetic  operation  on  it. 

Several  problems  occur  with  angles,  as  the  many  different  angular  units  and 
the  ambiguous  multiple  of  whole  revolutions.  The  conversions  to  radians  and 
subsequent  mapping  on  the  maximum  number  range  remove  the  ambiguity, 
because  integer  overflow  interrupts  can  be  masked  off.  The  careful  preservation  of 
the  original  variable  units  (sexagesimal  angles,  gons,  etc.)  and  their  number  of 
decimals  permits  an  exact  reproduction  of  the  original  units  and  decimals.  (The 
angular  values  17",  and  17'.'00  are  not  the  same  for  a  geodesist.) 

The  accuracy  of  angles  and  coordinates  is  mostly  independent  of  their  size. 
Geotype  variables  have  this  property,  while  floating  point  numbers  show  a  rather 
constant  relative  representation  accuracy. 

The  metric  version  of  the  geotype  is  large  enough  to  hold  the  Cartesian 
coordinates  of  all  manmade  satellites  in  orbit  around  the  Earth. 

Conversion  between  ordinary  reals  and  geotype  variables  is  supported  by 
procedures,  suitable  constants,  and  automatic  type  conversion  at  compile  time. 

Register  Labels 

Another  concept  which  has  proven  useful  is  the  register  label.  All  geodetic 
data  presented  to  the  geodetic  programmel  are  headed  by  a  register  label,  which 
allows  the  geodetic  system  programmes  to  take  appropriate  action — as  mentioned 
before  with  the  data  base  system,  which  also  uses  the  label  system  for  the 
description  of  the  records  and  subrecords.  The  existing  label  system  is  the  second 
of  its  kind  (the  first  was  used  for  the  GIER),  but  it  has  been  found  to  need  a 
further  generalization,  mainly  for  a  better  inclusion  of  physical  geodesy  data. 

Virtual  Transformation  Dator 

The  numerous  (and  ever-increasing)  coordinate  systems  and  datums — at 
present  about  60 — has  led  us  to  implement  a  dedicated  virtual  dator  to  handle  the 
transformations.  The  number  of  sensible  transformations  is  exceeding  500  (the 
theoretical  number  of  60  times  60  is  not  relevant),  and  the  testing  of  them  all  is 
almost  as  senseless  as  testing  the  multiplicator  unit  of  a  dator  by  trying  all  possible 
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products.  However,  the  idea  of  testing  the  hardware  by  testing  each  instruction 
has  been  used  for  the  design  of  the  virtual  transformation  dator  (VTD). 

The  VTD  has  as  its  "hardware"  about  20  of  the  most  used  transformations 
which  can  be  tested  individually,  and  the  actual  transformation  needed  can  via  a 
state/action  table  be  composed  from  one  or  more  of  the  "hardware"  transforma- 
tions, which  in  reality  are  procedures.  This  composing  is  the  "assembling"  of  a 
programme  for  the  VTD  and  involves  also  the  initializations  of  the  parameters  and 
constants  needed  for  the  transformations.  The  programme  assembling  is  executed 
from  a  running  programme  needing  transformations.  The  VTD  has  the  usual 
components  of  a  real  dator  as  working  registers,  status  and  control  registers,  input/ 
output  devices,  and  interrupt  action  for  errors  with  or  without  user  recovery  action 
procedures. 

External  Processor  Unit 

The  forming,  reduction,  and  back-solution  of  normal-equations  numerically 
are  carried  out  after  the  principles  outlined  by  J.H.  Wilkinson  (1963),  by  means  of 
the  external  processor  unit  (EPU),  which  is  specially  designed  for  this  purpose. 
Wilkinson's  idea  is  to  retain  the  original  numerical  precision  of  the  observation 
equations  by  accumulating  all  products  of  single  length  operands  in  double  length 
and  round  to  single  length  when  the  reduced  normal-equations  (by  Cholesky)  are 
formed  by  division  or  square  root.  The  EPU  will  do  a  scalar  vector  product  with 
one  instruction,  and  a  dedicated  Cholesky-instruction  will  handle  both  the  division 
and  the  square  root,  including  a  sensible  action  for  "problem  underflow"  (e.g.,  the 
matrix  has  become  singular  because  of  lacking  observations).  The  EPU  is  started 
by  the  CPU  whereafter  it  runs  independently,  signaling  end  of  operations  by  an 
interrupt  signal.  The  inclusion  of  the  EPU  required  a  driver  of  some  few  hundred 
instructions  and  process  description,  both  in  the  monitor,  but  no  changes  in  the 
operative  system  (BOSS2)  nor  in  the  compilers.  The  EPU  is  programmed  by  the 
running  programme,  because  it  uses  absolute  addresses,  but  it  is  also  10  times 
faster  than  loading  a  compiled  programme  from  the  backing  store. 

General  (Geometric)  Network  Adjustment  Programme 

It  is  the  ambition  with  this  programme  to  be  able  to  cover  the  entire  geometric 
geodesy  field  and  later  to  integrate  it  completely  with  the  corresponding  physical 
geodesy  system. 

The  present  system  is  capable  of  adjusting  networks  in  three-dimensional 
Cartesian  coordinates,  geographical  coordinates,  and  (conformal)  rectangular 
coordinates  (mainly  UTM),  and  height  networks,  using  nonoriented  directions, 
distances,  Laplace-azimuths,  zenith-distances,  and  metric  height  differences. 
Potential  differences  and  gravity  differences  (which  datamatically  behave  like 
geometric  geodesy)  are  not  yet  fully  implemented.  Photogrammetric  data  can  be 
used  jointly  with  the  observation  data  mentioned  above.  The  present  implementa- 
tion uses  anblock  for  coordinates  and  heights,  but  the  more  correct  bundle- 
adjustment  is  under  implementation  using  the  anblock  as  a  pilot  project.  The 
inclusion  of  satellite  observations  (photographic,  Doppler,  and  laser-ranging)  will 
take  place  after  the  termination  of  the  photogrammetry  project  at  the  end  of  1978. 

The  capacity  of  the  present  system  without  using  Helmert  blocking  is  up  to 
4,000  stations  with  12,000  to  15,000  unknowns  (most  stations  have  more  than  1 
orientation   unknown;    however,   they   are   always   eliminated — also   the   6   to   7 
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occurring  in  photogrammetry),   but  the  practical  limit  seems  to  be  about  2,000 
stations,  so  an  automatic  Helmert  blocking  will  have  to  be  introduced. 

The  programmes  (fig.  2)  contain  four  main  modules  logically.  The  physical 
programme  modules  are  for  maintenance  reasons  highly  interleaved,  however,  still 
with  a  clear  logic  composition.  Each  main  module  is  activated  in  turn  automatically 
or  individually  after  the  commands  (=jobsteps)  given  by  the  user,  but  they  can  also 
be  compiled  as  individual  programmes  for  development,  maintenance,  and  testing, 
while  retaining  the  original  programme.  New  versions  are  released  with  intervals  of 
about  6  months,  and  in  general  three  versions  exist  simultaneously:  one  or  two 
under  development  and  two  or  one  in  production  work. 

The  modules  are 

1.  JDF  (job  definition). 

2.  ICO  (input  of  coordinates  and  observations). 

3.  OTN  (observations  eq— ^normal  eq,  solution  and  updating  of  coordinates). 

4.  WOR  (output  of  resulting  coordinates  and  used  observations). 

1.  JDF.  The  module  is  used  for  defining  the  type  of  adjustment  coordinate 
system,  ellipsoid  and  datum,  describing  which  stations  should  be  held  fixed,  which 
stations  should  be  adjusted,  and  which  stations  should  be  in  a  buffer  for  Helmert 
blocking.  Finally  a  structured  work  file  (data  base)  to  be  used  for  the  lifetime  of 
the  adjustment  is  initialized.  The  JDF  creates  also  a  linked  list  to  be  used  for  the 
rapid  search  of  data  and  makes  the  necessary  recovery  actions  for  multiple 
occurrences  of  station  identifiers  in  the  defining  station  list,  which  is  augmented 
by  multiple  station  identifiers  for  the  same  station. 

2.  ICO.  The  ICO  module  is  commanded  to  use  named  files  as  input.  The 
search  table  is  used  to  compile  all  data  found  in  the  file  if  they  can  be  used  for  the 
stated  job.  The  files  may  be  text  files  or  indexed-sequential  files  (always  binary). 
Coordinates  for  preliminary  values  are  transformed  automatically  if  needed,  given 
coordinates  are  never,  to  make  certain  that  the  user  knows  what  he  is  doing.  The 
ICO  may  be  called  at  any  stage  of  the  adjustment  if  data  are  forgotten  or  new  data 
become  available,  but  data  once  input  cannot  be  deleted. 

3.  OTN.  The  OTN  module  surveys  the  available  core  size,  selects  the 
datamatic  block  size  from  this  information  and  reorders  the  normal  equation 
columns  whenever  new  observations  have  been  input.  The  ordering  submodule 
uses  a  bitmatrix  with  paging  and  the  algorithm  is  Jewell's  first  algorithm  (Jewell 
1961). 

The  column  sequence  of  the  normals  and  the  actual  blocksize  are  used  to 
form  the  block  column  catalogue  defining  the  column  numbers  of  each  datamatic 
block  (Poder  and  Tscherning  1973). 

The  very  central  next  submodule  forms  the  right-hand  sides  of  the  normal 
equations,  detects  the  blunders,  and  forms  very  compressed  records  of  observation 
equation  coefficients.  The  elimination  of  the  orientations  constants  is  also  done  in 
this  module.  The  next  submodule,  mtr,  forms  the  datamatic  blocks  of  the  normals, 
reducing  each  immediately  with  its  predecessors  and  itself,  stores  a  restart  point 
after  each,  and  when  all  coefficients  are  reduced,  the  RHS  is  reduced  and  the 
normals  are  back-solved.  The  coordinates  are  then  updated,  with  a  report  of  the 
more  drastic  changes  and  possible  singular  coordinates,  mean  errors,  maximum 
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FIGURE  2. — Control  and  data  flow  for  general  network  adjustment. 
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loss  of  binals  in  the  reduction,  numerical  precision  exponent,  and  mean  shift  of 
coordinates.  The  process  will  then  continue  with  a  fresh  "pass"  forming  new  right- 
hand  sides  and  so  on,  unless  the  numerical  precision  exponent  exceeds  3.5 
(indicating  that  the  computation  "noise"  is  10 35  times  less  than  the  mean 
observation  noise,  i.e.,  the  square  root  of  the  variance)  or  a  defined  number  of 
passes  is  attained. 

4.  WOR.  The  module  outputs  a  review  of  the  state  of  the  adjustment 
process  and  may  output  all  coordinates,  all  involved  observations,  and  quadratic 
and  bilinear  forms  of  the  inverse  matrix  in  a  combined  human  and  datamatic 
readable  form.  All  coordinates  may  be  input  to  a  data  base,  which  means  a  check 
of  all  given  (constrained)  coordinates.  All  new  adjusted  coordinates  get  a  production 
identification  (the  data  and  time  of  the  end  of  the  last  pass),  which  follows  the 
coordinates  the  rest  of  their  lifetime  in  all  datamatic  processes  until  they  are 
revived  by  a  fresh  adjustment  process.  This  identification  permits  human  and 
datamatic  backtracking  for  further  information  of  the  coordinates. 

As  the  workfile  of  the  adjustment  remains  on  the  backing  storage  until  cleared 
by  the  user,  resumed  processing  may  take  place  after  output,  using  the  OTN 
module  for  further  passes  and  contingently  ICO  for  input  of  more  data.  The  file 
containing  the  results  may  also  be  used  later  for  restarting  and  revalidating  the 
entire  job,  when  the  workfile  has  been  removed. 
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Discussion 

Anonymous:  What  is  the  stability  of  markers  in  ice? 

Poder:  No  points  were  put  on  ice.  They  were  all  marked  in  rock. 

Cross:  What  storage  do  you  use  in  normal  equations  and  what  algorithm  for  renumbering? 

Poder:  Normals  are  stored  in  datamatic  blocks  with  a  relatively  narrow  profile.  Renumbering  is  by 
Jewell's  algorithm,  but  probably  Snay's  is  better. 
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Abstract:  The  Defense  Mapping  Agency  Topographic  Center  is  assisting 
the  National  Oceanic  and  Atmospheric  Administration  by  readjusting  the 
Mexico-Central  America  portion  of  the  North  American  Geodetic  Net- 
works. The  primary  network  consists  of  1,637  stations  of  basically  first- 
order  triangulation.  Twenty-five  Doppler  positions  are  distributed  over  the 
network.  A  preliminary  adjustment  has  been  completed  with  both 
terrestrial  and  satellite  data  included.  Evaluation  of  the  results  of  this 
adjustment  and  several  additional  adjustments  with  different  combinations 
of  data  are  required  in  order  to  determine  optimum  weighting.  A  geoid  is 
being  constructed  from  a  combination  of  96  astro-geodetic  deflections  of 
the  vertical  and  46  Doppler-derived  geoid  heights.  The  readjustment  of 
the  control  in  the  Caribbean  area  will  follow  the  completion  of  the 
Mexico-Central  America  adjustment.  Processing  and  evaluation  of  the 
data  in  this  area  is  in  progress. 


Introduction 

The  primary  control  of  Mexico  and  Central  America  consists  of  a  network  of 
triangulation  chains  which  generally  run  north-south  or  east-west  (see  fig.  1).  The 
overall  quality  of  the  network  is  first  order  but  a  few  chains  have  been  found  to  be 
second-  or  third-order  based  on  triangle  closures  and  preliminary  adjustments.  The 
control  was  established  through  cooperative  efforts  of  the  countries  concerned,  the 
Inter  American  Geodetic  Survey  (IAGS)  and  the  Defense  Mapping  Agency 
Topographic  Center  (DMATC)  or  its  predecessors.  The  adjustment  of  the  control 
was  carried  out  in  successive  blocks  following  completion  of  the  field  *<vork. 
Positions  were  computed  in  terms  of  the  North  American  1927  datum  (NAD  27) 
from  four  ties  between  Mexico  and  the  United  States.  The  lack  of  an  adequate 
geoid  profile  did  not  permit  reduction  of  lengths  to  the  ellipsoid.  An  adjustment  of 
the  network  in  a  single  block,  the  proper  reduction  of  observations  to  the  ellipsoid, 
and  the  introduction  of  Doppler  positions  into  the  adjustment  will  yield  a  rigorous 
framework  for  incorporation  of  the  lower-order  control  and  extensions  into 
unsurveyed  areas. 
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Observations 

TERRESTRIAL 

The  network  consists  of  1,637  points  connected  by  8,637  observed  directions, 
65  Laplace  azimuths,  44  baselines  (invar  and  Geodimeter)  and  3,398  km  of 
Tellurometer  traverse.  Lists  of  directions  resulted  from  "station  adjustments"  in 
many  instances  whereby  several  rounds  were  combined  into  a  single  fan  of 
direction  for  each  station.  Astronomic  positions  and  azimuths  were  corrected  for 
time  and  CIO  values.  Lengths  were  corrected  for  the  currently  accepted  speed  of 
light  (299,792.458  km/second).  Additional  field  work  is  in  progress  in  Mexico  (fig. 
2).  This  work  consists  of  short  ties  between  triangulation  arcs  being  performed  by 
Geodimeter  traverse.  It  is  expected  that  the  work  will  be  completed  this  year. 

DOPPLER 

Twenty-five  Doppler  stations  have  been  established  in  the  network  (see  fig.  3). 
It  is  planned  to  establish  four  additional  stations.  The  Doppler  positioning  was 
carried  out  by  the  method  of  single  point  positioning  using  the  precise  ephemerides 
generated  at  DMATC.  An  average  of  41  usable  passes  were  acquired  at  each 
station.  The  data  were  reduced  with  the  computer  program  (DOPPLR)  developed 
at  DMATC  in  the  early  1970's.  It  is  planned  to  recompute  the  Doppler  positions 
using  modifications  determined  by  the  National  Geodetic  Survey  (NGS)  and 
DMATC.  These  modifications  to  the  software  are  expected  to  increase  the 
estimated  accuracy  of  a  Doppler  position  from  the  present  1  meter  (one  sigma)  to 
0.7  m. 

Geoid  Profile  and  Deflections  of  the  Vertical 

The  geoid  profile  is  being  constructed  from  astro-geodetic  deflections  of  the 
vertical  at  96  points  (see  fig.  4)  and  from  46  Doppler-derived  geoid  heights.  The 
Doppler-derived  geoid  heights  are  obtained  from  the  ellipsoid  heights  by  merely 
subtracting  the  mean  sea  level  elevations.  The  geoid  profile  is  determined  from  a 
least  squares  solution  involving  the  classical  observation  equations  relating  change 
in  geoid  height  and  astro-geodetic  deflections  of  the  vertical  and  the  equations  for 
Doppler-derived  heights.  The  Doppler  equations  take  the  form: 


/Vr*  +V{  =  NX  +  A/V(- 


rhere: 


N*  =  Doppler-derived  geoid  height 
V i  =  Correction  to  Doppler  geoid  height 
Nt  =  Preliminary  geoid  height 
AA^,  =  Correction  to  preliminary  geoid  height 

Deflections  of  the  vertical  are  interpolated  at  Doppler  stations  where  observed 
deflections  are  not  available.  These  deflections  are  needed  to  provide  connecting 
equations  between  Doppler  stations  and  astro-geodetic  stations.  The  GEM  10  earth 
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gravity  model  will  be  used  to  supplement  astro-geodetic  data  and  Doppler  data  in 
determination  of  the  geoid.  The  astro-geodetic  data  are  not  sufficiently  dense  to 
determine  the  deflections  of  the  vertical  required  at  each  point  to  reduce  observed 
directions  to  the  ellipsoid.  These  data  will  be  supplemented  with  available  gravity 
data  in  the  area  to  obtain  the  required  deflections  of  the  vertical. 

Preliminary  Adjustment 

A  preliminary  adjustment  of  the  network  has  been  completed.  The  adjustment 
included  all  arcs  shown  on  figure  5  except  Baja  California.  Positions  were 
computed  in  the  World  Geodetic  System  (WGS72).  It  is  assumed  that  the  Earth- 
centered  coordinate  system  selected  for  the  1983  datum  will  approximate  WGS72. 
Preliminary  coordinates  were  obtained  by  conversion  of  NAD27  coordinates  to 
WGS72.  Observations  used  and  attendant  weights  are  shown  in  table  1. 

Weights  for  terrestrial  observations  vary  according  to  length  of  line.  An 
average  length  of  20  km  is  used  in  table  1.  The  weight  of  Doppler  longitudes  will 
vary  with  latitude.  A  latitude  of  24°  is  used  for  the  value  in  the  table.  These 
weights  are  subject  to  change  when  the  evaluation  of  the  observations  are 
completed  and  the  Doppler  positions  are  recomputed  with  modified  software.  The 
network  contained  8,962  observations  with  4,915  unknowns.  The  computer  program 
(USHER)  was  used  to  carry  out  the  adjustment.  This  program  consists  of  the  best 
features  of  several  control  adjustment  programs  used  at  DMATC  in  the  past.  Geoid 
heights  were  determined  from  the  25  Doppler  stations  in  the  network  by  a 
polynomial  fit  and  lengths  were  reduced  to  the  ellipsoid.  Statistics  from  the 
adjustment  are  shown  in  table  2.  The  statistics  are  derived  from  the  normalized 
residuals. 

The  results  of  the  adjustment  provide  a  basis  for  further  analysis  of  the 
network  and  evaluation  of  the  observations.  The  next  steps  to  be  accomplished 
over  the  next  several  months  are: 

•  A  series  of  free  adjustments  with  different  combinations  of  observations 
and  separation  of  observations  into  groups  for  better  a  priori  estimates  of  weight. 

•  A  review  of  observations  flagged  for  rejection  in  the  preliminary  adjustment. 

•  Adjustment  and  analysis  of  the  Baja  California  network. 

•  Completion  of  the  geoid  profile  and  determination  of  deflections  of  the 
vertical. 

•  Readjustment  of  network  with  best  determination  of  weights. 

Table  1. — Weighting. 


Observations 

No. 

Weight 
code 

Sigma 

Weight 

Directions 

8637 

0301 
0210 
0415 
0501 

0'.'6 
2ppm  +  10mm 
4ppm  +  15mm 

l'.'O 

1.0m 
1.0m 

2.6 

Baselines 

Traverse  lines 

44 

164 

65 

5.5 
1.4 
0.9 

Doppler 

Latitude 

Longitude 

25 
25 

947 
799 
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FIGURE  6.— Schedule  for  completion  of  the  New  Adjustment  of  the  North  American  Datum  for  Mexico, 

Central  America,  and  the  Caribbean. 


Possible 

Aver- 

rejec- 

Maxi- 

- 

Range 

age 

tions 

mum 

total 

11.5 

1.4 

8 

-7.0 

19 

5.6 

0.7 

None 

-2.9 

54 

13.3 

1.2 

4 

-8.1 

28 

12.0 

1.7 

3 

7.9 

14 

7.2 

1.1 

1 

-3.9 

13 

6.8 

1.7 

1 

-3.7 
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TABLE  2. — Statistical  analysis  (normalized  residuals),  standard  error  of  unit  weight  =  1.4,  degrees  of 

freedom  —  4,047 . 

Numbe 


Directions 8,637 

Baselines 23 

Traverse  lines 93 

Azimuths 36 

Doppler 

Latitude     11 

Longitude 12 


Caribbean  Area 

The  adjustment  of  available  control  in  the  Caribbean  area  will  follow 
completion  of  the  Mexico-Central  America  adjustment.  Compilation  and  evaluation 
of  these  data  are  in  progress.  This  area  is  tied  to  the  Mexico-Central  America  and 
the  United  States  control  through  Doppler  positioning  and  a  HIRAN  trilateration 
network.  An  evaluation  is  being  made  of  the  HIRAN  nets  to  assess  their  possible 
contribution  to  the  adjustment. 

Summary 

Figure  6  shows  a  schedule  for  completion  of  the  Mexico-Central  America  and 
Caribbean  part  of  the  adjustment.  It  is  estimated  that  the  Mexico-Central  America 
adjustment  will  be  completed  by  early  1979  and  the  Caribbean  area  by  late  1979. 

Discussion 

Schwarz:  You  said  that  your  decision  on  the  use  of  the  surveys  through  Colombia  and  Venezuela  will 
depend  on  whether  you  use  HIRAN  data.  Are  the  South  American  surveys  in  the  same  machine- 
readable  form,  properly  edited  and  validated,  as  the  Mexican  and  Central  American  data? 

Walker:  Yes,  roughly.  They  are  being  worked  on  now. 

Black:  Do  we  have  a  reasonable  body  of  Doppler  data  from  Cuba? 

Walker:  Guantanamo. 

Ashkenazi:  Why  does  the  Defense  Mapping  Agency  even  consider  using  HIRAN  data  when  Doppler 

positions  are  available? 

Walker:  HIRAN  data  will  be  considered  only  in  places  having  no  Doppler  control. 

Rapp:  Do  you  contemplate  using  the  geoid  provided  by  radar  altimetry  for  the  reductions  in  the 
Caribbean? 

Walker:  It  is  a  distinct  possibility. 
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Abstract:  The  status  and  progress  of  the  data  processing  effort  in  the 
United  States  are  discussed,  and  the  predicted  completion  dates  of 
important  milestones  are  presented.  Costs  of  the  new  adjustment 
incurred  to  date  and  estimates  for  the  future  are  cited.  An  error  analysis 
of  a  specific  aspect  of  the  orientation  problem  is  discussed.  Some  ideas 
are  presented  for  determining  the  final  orientation. 

As  project  manager  for  the  U.S.  portion  of  the  North  American  Datum  (NAD) 
new  adjustment  and  redefinition,  I  am  pleased  to  present  several  topics  related  to 
this  effort.  First,  I  will  bring  you  up  to  date  on  our  progress,  and  secondly,  I  would 
like  to  touch  on  an  inadequately  discussed  problem. 

Most  of  you  know  that  the  new  adjustment  and  redefinition  of  the  North 
American  Horizontal  Geodetic  Datum  will  span  the  United  States,  Canada, 
Greenland,  Mexico,  the  republics  of  Central  America,  and  perhaps  a  substantial 
part  of  the  Caribbean  area.  We  still  estimate  that  the  task  will  be  completed  by 
late  1982,  with  publication  of  the  final  results  scheduled  for  1983. 

This  enormous  task  requires  converting  about  2,500,000  observations  to 
computer-readable  form.  These  are  now  written  in  field  books  and  abstracts. 
About  1,500,000  observations,  representing  145,000  stations,  have  been  keyed  and 
validated,  as  shown  in  figure  1.  Most  of  these  observations  are  horizontal  directions 
which  were  adjusted,  after  digitization,  on  a  field-project-by-field-project  basis 
(Young  1976).  This  initial  adjustment  is  the  first  step  in  our  processes  of  data 
preparation  and  validation.  Second  only  to  field  work,  this  particular  phase  of  the 
adjustment  is  the  most  laborious  and,  hence,  the  most  costly  of  the  new 
adjustment  effort.  In  an  attempt  to  relate  the  scale  of  this  project  to  other  geodetic 
undertakings,  1  have  compiled  the  total  costs  of  the  U.S.  portion  of  the  redefinition. 
These  costs  for  the  fiscal  years  1975-77are  shown  in  table  1.  Costs  for  fiscal  years 
1978-82  are  estimated  figures. 

After  the  initial  processing  of  the  observations,  two  additional  basic  processes, 
known  as  block  validation  and  final  solution,  will  be  required.  These  will  be 
performed  by  the  Horizontal  Network  Branch  of  the  Control  Networks  Division  of 
the  National  Geodetic  Survey  (NGS). 
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Table  1. — Costs  for  US.  portion  of  the  NAD  redefinition. 


Fiscal 
year 

Amount  oi 
iunding 

1975 

_   _     $3,407,000 

1976 

3,558,000 

1976T*    

720,000 

1977 

3,260,000 

1978  _ 

t2,005,000 

1979 

t2,405,000 

1980 

tl,955,000 

1981  _ 

1 1,825,000 

1982 

1 1.575.000 

+  Estimated  costs.  *  A  3-month  transitional  fiscal  year. 

Block  validation  entails  merging  all  field  projects  in  a  particular  geographic 
area.  This  process  resolves  problems  associated  with  contiguous  or  overlapping 
field  projects  which  were  unresolvable  when  the  adjustments  were  performed  on 
one  field  project  at  a  time.  Block  validation  and  solution  were  recently  performed 
on  all  the  available  data  bounded  by  35°  <  <f>  <  38°  N  and  83°  <  k  <  88°  W, 
shown  in  figure  2.  This  test  was  successful,  and  culminated  in  the  simultaneous 
adjustment  of  the  2,770  stations  within  this  block.  This  test  of  the  existing  software 
system  was  most  important.  The  software  system  constituted  over  200  programs 
and  subroutines  (some  of  which  are  testing  programs).  Other  authors  will  discuss 
and  report  the  results  of  the  test  block.  However,  from  my  perspective,  the  most 
important  facts  derived  from  this  test  are  as  follows: 

(1)  The  effort  required  for  this  phase  of  the  NAD  project  is  now  better 
understood.  A  plan  for  resource  requirements,  resulting  from  an  analysis  of  the 
test  block,  was  developed.  (See  fig.  3.) 

(2)  Computer  costs  per  iteration  (for  solution)  of  the  system  of  equations  for 
the  NAD  are  small  compared  to  the  computer  costs  for  block  validation.  The  ratio 
may  be  of  the  order  of  1:10.  In  other  words,  the  number  of  iterations  required  for 
the  final  solution  is  not  as  significant  as  further  attention  to  the  cost  of  verification 
of  the  data. 

(3)  The  present  concept  of  processing  the  NAD  observational  data  is  sound 
from  a  pragmatic  point  of  view.  The  total  costs  are  quite  reasonable,  and  the 
software  works. 

Field  work  in  support  of  the  New  Adjustment  is  being  performed,  but  will  not 
be  as  extensive  as  first  envisioned.  The  150  Doppler  stations  that  will  be  used  to 
strengthen  the  network  and  translate  the  datum  have  been  observed.  Most  of  the 
supporting  arcs  and  traverses  originally  planned  for  the  portion  of  the  United 
States  east  of  the  Mississippi  will  be  observed.  The  number  of  arcs  and  traverses 
planned  west  of  the  Mississippi,  however,  will  be  reduced  because  of  the  lack  of 
personnel.  One-half  of  our  horizontal  field  force  has  been  transferred  to  a  leveling 
effort  owing  to  the  forthcoming  releveling  program  for  the  United  States.  The 
ramifications  of  this  transfer  on  the  NAD  83  new  adjustment  is  significant.  It 
appears  that  the  reduced  number  of  supporting  arcs  and  traverses  may  ultimately 
create  proportional  errors  as  great  as  1/50,000.  These  will,  of  course,  be  few  and 
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FIGURE  3. — New  Adjustment  milestones  for  Horizontal  Network  Branch. 
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will  not  be  in  areas  of  dense  population.  Our  initial  goal  was  to  produce  results 
better  than  1/100,000  throughout  the  United  States. 

We  chose  106  astronomic  stations  to  be  observed  to  support  the  NAD  program 
of  predicting  the  deflection  of  the  vertical.  These  deflections  are  required  to 
provide  corrections  to  reduce  horizontal  directions  to  the  reference  ellipsoid.  Forty- 
three  of  these  observations  have  been  made,  and  we  will  probably  complete  the 
remainder  on  schedule.  Many  of  these  sites  were  selected  because  of  the  large 
elevation  angles  encountered  at  the  stations  which  could  result  in  potentially  large 
deflections  in  the  vicinity  of  the  proposed  observations.  Most  of  the  originally 
planned  precise  base  lines  which  strengthen  the  network  will  be  observed. 

A  portion  of  the  NGS  data  base  is  operational.  About  175,000  geodetic 
positions  have  been  loaded  and  are  retrievable.  Astronomic  positions  are  being 
loaded  at  this  time.  Station  descriptions  will  be  loaded  this  summer  (1978).  About 
150,000  descriptions  have  been  keypunched  and  edited.  Observations  that  have 
been  digitized  and  adjusted  on  a  field-project  basis  will  be  entered  into  the  data 
base  this  fall. 

Gravity  observations  in  the  eastern  portion  of  the  United  States  are  being 
validated  and  entered  into  a  temporary  data  base.  These  observations  will  in  turn 
be  used  in  a  numerical  integration  scheme  using  the  standard  Vening-Meinesz 
equations  to  compute  deflections  of  the  vertical  at  each  of  our  occupied  horizontal 
stations.  These  deflections  will  be  combined  in  a  least-squares  sense  with  the 
appropriate  astrogeodetic  deflections  to  form  final  predicted  deflections.  In  addition 
to  their  role  in  support  of  the  redefinition,  we  feel  that  these  deflections  are  an 
integral  part  of  the  information  associated  with  a  station  and  we  will  routinely 
publish  this  information  following  the  adjustment. 

Before  proceeding  with  the  status  of  our  more  technical  activities,  I  will 
discuss  some  of  our  more  recent  actions  and  considerations  related  to  the  surveying 
community.  The  redefinition  has  generated  significant  activity  in  the  surveying 
community  in  the  United  States.  We  recently  forwarded  almost  200  letters  to 
interested  State  and  local  governments  and  certain  private  citizens.  These  letters 
informed  our  users  and  colleagues  that  January  1,  1979,  will  be  the  last  date  that 
NGS  will  accept  geodetic  data  and  guarantee  its  inclusion  in  the  new  adjustment. 
This  may  seem  severe,  but  there  is  much  to  accomplish  with  our  limited  resources. 
Surprisingly  enough,  this  action  appears  to  have  benefited  the  overall  status  and 
profile  of  geodesy  in  the  United  States.  The  sense  of  urgency  associated  with  our 
deadline  and  the  attention  to  geodetic  control  in  general  are  the  responsible 
factors. 

We  have  mailed  another  letter  to  the  surveying  community,  soliciting  ideas  on 
possible  changes  in  the  existing  State  plane  coordinate  systems.  We  have  stated 
that  NGS  will  publish  both  UTM  and  State  plane  coordinates  at  the  conclusion  of 
the  adjustment.  The  origin  of  each  State  plane  coordinate  system  will  probably 
change  in  order  to  avoid  confusion  between  pre-  and  post-new  adjustment  values. 
Other  improvements  and  changes  are  possible.  It  is  our  intention  to  work  with  the 
States  in  order  to  arrive  at  the  best  possible  coordinate  system  for  each  State. 
Several  States  have  already  responded,  and  we  are  in  communication  with  them. 

An  interesting  problem,  which  has  not  been  discussed  extensively  and  is  still 
unresolved,  is  to  determine  the  best  approach  for  the  orientation  of  the  datum.  The 
translation  of  the  datum  so  that  the  geometric  center  of  the  reference  ellipsoid 
coincides  with  the  center  of  mass  of  the  Earth  will  be  accomplished  by  using 
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Doppler  observations  in  the  adjustment  under  the  assumption  that  this  information 
(c/>Doppler,  XDoppler)  will  place  the  network  at  the  center  of  mass  of  the  Earth. 
The  errors  resulting  from  this  procedure  will  be  of  the  order  of  the  accuracies  of 
the  Doppler  positions  themselves. 

The  orientation  of  the  reference  figure  is  another  matter.  First  of  all,  the 
Doppler  system  is  weakly  oriented  relative  to  an  "absolute"  system  defined  by  the 
Greenwich  Meridian  and  the  Conventional  International  Origin  (CIO)  pole,  which 
we  would  like  to  duplicate  in  the  orientation  of  the  datum.  Very  Long  Base  Line 
Interferometry  (VLBI)  provides  a  connection  between  the  astronomic  system  and 
other  geometric  systems  and  furnishes  additional  information.  But  the  amount 
available  when  we  need  it  may  not  be  sufficient.  At  the  present  time,  we  are 
attempting  to  formalize  plans  for  using  VLBI  information  to  orient  the  datum. 

Several  ideas  about  how  to  orient  the  reference  ellipsoid  have  surfaced.  One 
of  the  most  appealing  would  be  to  minimize,  in  a  least-squares  sense,  the 
differences  between  gravimetric  and  astrogeodetic  deflections  of  the  vertical.  The 
gravimetric  deflections  are,  by  definition,  geocentric  and  observation  equations  can 
be  written  to  determine  the  geodetic  coordinates  or,  equivalently,  the  orientation. 
Other  schemes  have  been  suggested.  One  would  allow  rotation  unknowns  into  the 
adjustment  which  would  use  astronomic  data  alone  to  rotate  the  geometric  data 
into  that  system. 

It  is  of  didactic  value  to  assume  that  Doppler  (or  other)  coordinates  are  given 
in  the  "absolute"  system  defined  above  and  then  to  determine  the  relative 
contributions  of  that  information  and  the  existing  astronomic  information  in 
orienting  the  datum.  We  determined  the  contributions  of  two  sets  of  information. 
First,  we  assumed  that  we  had  2,400  geodetic  stations  bounded  by  30°  <  <f>  <  50° 
N  and  240°  <  A  ^  280°  E  in  a  uniform  grid.  We  then  assumed  that  the  standard 
deviation  of  an  astronomic  azimuth  observed  at  each  of  these  stations  was  ±  1.25 
seconds  of  arc.  By  developing  observation  equations  similar  to  those  leading  to 
Laplace's  equation,  a  covariance  matrix  representing  errors  in  the  least-squares 
determination  of  the  three  components  of  a  differential  rotation  vector  was  formed. 
This  rotation  vector  would  transform  the  datum  system  into  the  "absolute"  system. 
The  components  of  this  vector  represent  rotations  about  three  rectangular 
coordinate  axis.  The  correlation  matrix  of  these  rotations,  2Ri,  developed  from  the 
above-mentioned  covariance  matrix,  modified  by  the  replacement  of  the  diagonal 
elements  with  the  standard  errors  (in  seconds  of  arc),  is  shown  in  figure  4. 

The  same  geographic  bounds  were  used  for  a  second  set  of  stations  with  the 
assumption  that  each  of  three  Cartesian  coordinates,  determined  to  cr  =  ±0.5m, 
was  available  for  150  evenly  spaced  stations.  These  stations  represented  Doppler 
positions.  Then,  another  covariance  matrix  for  the  least-squares  determination  of 
the  rotation  vector  using  these  observations  was  formed.  The  modified  correlation 
matrix  is  shown  in  figure  4  as  XR2.  Both  coordinate  systems  were  translated  to  the 
centroid  of  the  system  of  points  in  order  to  remove  the  effect  of  the  unknown 
translations  on  the  error  analysis,  although  the  ratio  cr  DOPPLER/cr  LAPLACE  is 
essentially  unchanged  as  a  result  of  this  translation.  The  conclusion  to  be  drawn 
from  this  computation  is  that  if  we  make  the  adjustment  using  direct  observations 
of  Doppler  or  a  similar  array  of  points,  along  with  the  2,400  Laplace  stations  in  the 
United  States,  the  resulting  orientation  will  be  dominated  by  the  Doppler  points 
under  the  assumption  that  the  Doppler  positions  are  known  in  the  astronomic 
system. 
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Figure  4. — Orientation  errors,  an  estimate. 
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The  Doppler  system  should  not  be  used  in  this  fashion,  since  its  longitudes 
are  admittedly  arbitrary  (Anderle  1974),  and,  as  I  mentioned  earlier,  the  Doppler 
system  is  only  weakly  related  to  the  CIO  pole.  Therefore,  the  missing  link  in  this 
analysis  is  the  orientation  transformation  from  the  Doppler  coordinate  system  to 
the  astronomic  system.  More  precisely,  since  this  was  an  error  analysis  only,  the 
variances  associated  with  the  "Doppler  to  astronomic"  transformation.  This  entire 
problem  must  be  studied  and  our  approach  to  orienting  the  NAD  must  be 
formulated  very  soon.  Although  reasonable  success  for  the  problem  of  orienting 
the  datum  is  assured,  I  submit  it  is  a  significant  challenge  to  formulate  an  optimum 
solution  using  the  data  at  hand. 

My  thanks  to  Allen  Pope  for  his  excellent  treatment  of  this  problem  and 
William  Dillinger  for  his  programing  assistance. 

Summary 

To  sum  up,  the  new  adjustment  and  redefinition  of  the  North  American 
Datum  is  on  schedule.  Some  initial  problems  have  been  solved,  but  some 
interesting  ones  remain.  The  international  aspects  of  this  project  alone  would 
warrant  a  paper  of  this  length,  and,  therefore,  will  not  be  discussed  here  except  to 
mention  that  these  considerations  have  been  addressed.  Certain  requirements  and 
deadlines  associated  with  each  country's  activities  appear  attainable.  As  I  have 
pointed  out  in  previous  papers,  the  new  adjustment  and  redefinition  of  the  North 
American  Datum  will  be  accomplished  in  a  fashion  commensurate  with  the  ability 
of  the  people  working  with  it,  and,  therefore,  I  am  certain  of  its  success. 
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Discussion 

Sluiter:  What  is  the  cost  distribution  between  field  and  office  work? 

Bossier:  To  date,  field  work  has  been  the  largest  single  expense.  Office  work,  involving  archived  data 
which  are  keypunched  and  passed  through  an  adjustment,  is  almost  as  costly  as  the  field  work.  Thirty 
persons  are  employed  on  the  office  phase,  while  about  40  are  in  the  field  obtaining  new  observations  (a 
ratio  of  4  to  3).  Field  work  costs  include  measuring  base  lines  and  filling  in  arcs  and  traverses.  We 
cannot  space  the  Doppler  much  closer  than  200  or  300  km  at  this  point  due  to  its  accuracy  of  about  0.6 
m.  If  we  could,  arcs  and  traverses  would  not  have  to  be  added  as  extensively. 
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Abstract:  Two  preliminary  adjustments  of  the  Canadian  primary  hori- 
zontal network  have  been  completed  in  preparation  for  the  1983  North 
American  adjustment.  Both  adjustments  were  done  with  program  GANET 
using  a  method  for  adjusting  networks  in  sections,  which  is  mathemati- 
cally equivalent  to  the  Helmert  block  adjustment.  The  adjustment  results 
were  analyzed  to  identify  weaknesses  in  the  data  so  that  steps  could  be 
taken  to  correct  them  before  entering  the  data  into  the  continental 
adjustment.  In  particular,  the  analyses  revealed  systematic  differences  in 
positioning  between  the  terrestrial  and  satellite  Doppler  networks. 

Introduction 

The  primary  horizontal  network  in  Canada  is  made  up  of  several  types  of 
terrestrial  surveys  and  a  system  of  210  stations  positioned  with  satellite  Doppler 
techniques.  Since  the  1974  symposium  in  Fredericton,  two  adjustments  have  been 
completed  for  the  5,800  stations  in  the  network. 

The  adjustments  were  done  to  test  our  adjustment  techniques  and  to  evaluate 
and  compare  the  terrestrial  and  satellite  Doppler  networks.  They  have  been 
labelled  MAY76  and  OCT77  according  to  their  completion  dates. 

Terrestrial  Network 

There  are  about  240  nets  comprising  the  terrestrial  network,  and  each  net 
usually  corresponds  to  a  field  project  observed  in  one  or  two  field  seasons.  Some  of 
the  different  types  of  nets  are: 

(a)  baseline  triangulation  to  which  EDM  scale  control  has  been  added, 

(b)  single-chain  triangulation  where  positions  are  propagated  through  a  chain 
of  nonoverlapping  triangles  by  measuring  both  directions  and  distances, 
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(c)  first-order  traverse   nets   with   azimuth  controlled   by  frequent   Laplace 
stations, 

(d)  Aerodist  trilateration  using  line-crossing  methods  to  measure  a  system  of 
double-braced  quadrilaterals,  and 

(e)  mixed  area  triangulation  and  trilateration. 

The  nets  have  been  previously  evaluated  by  adjusting  them  separately. 
Descriptions  of  observing  techniques  and  the  results  of  the  individual  net 
evaluations  were  used  to  estimate  the  standard  deviations  that  are  currently 
assigned  to  the  terrestrial  observations.  The  observations  are  filed  according  to  net 
on  a  computer  disk  file.  The  CDC  UPDATE  program  is  used  for  manipulating  the 
80-column  card  images  to  revise  and  organize  data  for  input  to  the  adjustment 
program. 

A  notable  characteristic  of  the  terrestrial  network  is  the  variety  of  net  design. 
Observing  techniques  and  specifications  have  also  changed  over  the  years  affecting 
the  relative  accuracies  of  nets  of  similar  design. 

Satellite  Doppler  Network 

Most  ol  the  210  Doppler  stations  are  coincident  with  stations  in  the  terrestrial 
network.  The  exceptions  are  mainly  in  the  Arctic  Islands  with  three  in  Greenland. 
Usually,  2  to  8  Doppler  stations  are  occupied  simultaneously.  Simultaneous 
occupation  of  a  group  of  stations  allows  us  to  estimate  the  covariance  matrix 
reflecting  the  relative  positioning  accuracy  between  them  (Boal  and  Kouba  1978). 
The  Doppler  positions  and  covariance  matrices  are  transformed  from  an  QC,  Y,  Z) 
system  to  a  system  of  latitude,  longitude,  and  height.  The  height  covariance  is  not 
used  in  the  adjustment. 

Program  Ganet 

For  the  least-squares  solution,  program  GANET  uses  a  modification  of  an 
inversion  technique  described  as  diagonal  partitioning  (Zimmerman  1974).  The 
input  format  is  the  same  used  in  program  GALS  (McLellan  et  al.  1970),  but 
GANET  can  handle  larger  adjustments,  because  the  size  of  a  single  adjustment 
run  is  not  limited  by  the  amount  of  available  computer  core  storage. 

Some  important  features  of  the  program  are: 

(a)  automatic  dimensioning  of  arrays  to  make  efficient  use  of  the  available 
core  storage  area, 

(b)  automatic  bandwidth  minimization, 

(c)  choice  of  reference  ellipsoid, 

(d)  a  geoid  model  (currently  GEM8)  to  reduce  observations  to  the  reference 
ellipsoid  (Lachapelle  1978), 

(e)  the  TAU  rejection  criteria  for  flagging  large  residuals  (Pope  1976), 

(f)  histograms  of  residuals  printed  for  analysis, 

(g)  computation  of  complete  covariance  data  for  the  adjusted  coordinates, 

(h)  relative  accuracies  computed  from  error  ellipse  data  are  flagged  if  they  are 

not  consistent  with  accuracy  specifications,  and 
(i)    position  observations  in  latitude  and  longitude  can  be  input  to  or  computed 

by  the  program. 
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These  and  other  features  are  described  in  detail  in  the  program  documentation 
(Beattie  1978). 

Position  observations  are  correlated  least-squares  estimates  for  the  latitude 
and  longitude  coordinates  of  stations  and  are  used  to  partition  a  large  sparse  matrix 
into  sections.  They  result  from  adjustments  of  terrestrial  survey  observations  or 
from  the  reduction  and  transformation  of  Doppler  data.  Position  observations  are 
combined  in  adjustments  and  can  be  considered  as  blocks  in  a  Helmert  block 
adjustment. 

Adjustment 

The  MAY76  adjustment  was  done  on  the  Clarke  1866  ellipsoid.  Before  the 
adjustment,  the  Doppler  system  was  transformed  to  approximately  fit  the  currently 
adopted  1927  North  American  coordinates  in  Canada  (Kouba  1976).  The  OCT77 
adjustment  was  done  on  a  geocentric  datum  using  an  approximation  to  a  mean 
earth  ellipsoid  (Kouba  1978). 

The  datum  definitions  for  both  adjustments  are  given  in  table  1.  Coordinate 
axes  are  assumed  parallel  to  the  average  terrestrial  system  (Kouba  1978). 

In  both  the  MAY76  and  OCT77  adjustments,  the  terrestrial  network  was 
divided  into  18  sections  as  shown  in  figure  1,  and  adjusted  in  3  stages  or  levels 
using  a  least-squares  section  adjustment  method.  The  procedure  followed  in 
MAY76  was  essentially  the  technique  described  in  Pinch  and  Peterson  (1974)  with 
full  convergence  in  each  stage  as  shown  in  figure  2.  Temporary  minimum 
constraints  were  introduced  in  stage  1  and  removed  in  stage  2.  The  procedure 
followed  in  OCT77  involved  single  solutions  per  stage,  making  it  rigorously 
equivalent  to  the  Helmert  blocking  method.  However,  the  different  strategy  implies 
different  numerical  analysis  considerations. 

The  input  coordinates  for  the  MAY76  adjustment  were  NAD27  coordinate 
Doppler  positions  transformed  to  a  mean  NAD27  system  were  used  for  the 
minimum  constraints  in  stage  1. 

Coordinates  from  the  MAY76  adjustment  were  transformed  to  the  ATS  datum 
and  used  as  input  coordinates  for  the  OCT77  adjustment.  The  OCT77  stage  1 
adjustments  were  not  allowed  to  iterate  and  as  a  result,  the  position  observations 
were  based  on  direction,  length,  and  azimuth  observation  equations  linearized 
using  a  consistent  set  of  coordinates  close  to  the  final  values.  (In  this  respect,  the 
MAY76  and  OCT77  adjustments  are  first  and  second  iterations  and  we  can  monitor 
the  accuracy  of  the  observation  equation  linearization  by  comparing  the  input  and 
output  coordinates  of  the  OCT77  adjustment.  The  largest  difference  was  0.1 
second  in  latitude  and  0.16  second  in  longitude,  and  the  average  shifts  are  below 
0.05  second). 

TABLE  1. — Datum  definitions  for  the  MAY76  and  OCT77  adjustments . 

MAY76  OCT77 

a  =  6378206.4  m  a  =  6378135.0  m 

b  =  6356583.8  m  /  =     1.0/298.257 

AY  =         -15.0  m  AY  =              0.0  m 

AF  =          165.0  m  AY  =              0.0  m 

AZ  -          175.0  m  AZ  =              0.0  m 
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FIGURE  1. — The  18  sections  of  the  terrestrial  network. 
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Figure  2.— Procedures  for  the  MAY76  and  OCT77  adjustments. 
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1.  Combined  stage  2. — The  stage  1  position  observations  for  all  18  terrestrial 
sections  were  combined  with  the  position  observations  for  the  Doppler  network. 
This  adjustment  was  run  to  check  the  results  of  each  of  the  stage  3  adjustments 
and  to  compute  error  ellipse  data  between  all  junction  and  Doppler  stations. 

2.  Terrestrial  stage  2 . — The  stage  1  position  observations  for  all  18  terrestrial 
sections  were  combined  in  this  adjustment  to  compute  coordinates  and  error 
ellipses  for  junction  stations  and  for  stations  coincident  with  the  Doppler  network. 
The  results  are  influenced  only  by  the  terrestrial  network. 

3.  Doppler  stage  2 . — The  sets  of  position  observations  for  the  satellite  Doppler 
network  were  combined  to  compute  coordinates  and  error  ellipses  influenced  by 
Doppler  only. 

An  improvement  in  the  procedure  used  for  the  MAY76  adjustment  results  in 
rigorous  error  ellipse  data  within  each  section  for  the  OCT77  adjustment.  Following 
stage  1,  the  OCT77  adjustment  for  each  section  proceeded  as  shown  in  the 
example  for  section  9  (fig.  3).  The  sets  of  position  observations  for  the  Doppler 
network  and  other  17  terrestrial  sections,  (omitting  sec.  9)  were  input  to  a  stage  2 
adjustment  to  compute  a  set  of  position  observations  for  stations  common  to 
section  9  and  the  rest  of  the  combined  terrestrial-Doppler  network.  This  set  of 
position  equations  reflects  the  influence  of  the  combined  terrestrial-Doppler 
network  without  section  9.  The  observed  directions,  lengths,  and  azimuths  in 
section  9  were  then  combined  with  the  above  set  of  position  observations  in  stage 
3  to  compute  adjusted  coordinates  and  error  ellipse  data  for  section  9.  This 
sequence  was  carried  out  for  each  section  and  required  about  50  percent  more 
computing  than  did  the  MAY76  adjustment,  which  did  not  produce  error  ellipses 
within  sections. 

Adjustment  Analysis 

The  results  of  the  MAY76  and  OCT77  adjustments  were  analyzed  to  identify 
weaknesses  in  the  primary  network  data  so  that  steps  might  be  taken  to  correct 
them  before  the  1983  adjustment.  Different  aspects  of  the  analyses  are  discussed 
below,  under  separate  headings. 

1.  Data  summary. — Table  2  is  a  summary  by  sections  of  the  OCT77  observed 
data,  the  number  of  junction  stations,  and  the  number  of  stations  coincident  with 
the  satellite-Doppler  network.  The  table  also  gives  a  summary  of  the  Doppler  data. 
(There  are  7  figures  given  for  only  9  stations  in  1973,  because  the  stations  are 
mainly  precise  point  positions  instead  of  being  in  correlated  groups.)  (Boal  and 
Kouba  1978.) 

2.  Variance  factors. — For  the  MAY76  adjustment,  the  overall  variance  ratio 
was  1.138  with  19,617  degrees  of  freedom.  For  the  OCT77  adjustment,  the  overall 
variance  ratio  was  1.117  with  19,635  degrees  of  freedom.  The  values  of  x2/(degrees 
of  freedom)  at  95  percent  or  99  percent  are  of  the  order  of  1.02,  which  means  that 
both  tests  failed,  indicating  the  possibility  of  systematic  effects  in  the  observational 
data  (Blais  1976).  However,  the  variance  ratio  for  OCT77  shows  a  significant 
improvement  upon  the  MAY76  value. 

Table  3  lists  the  a  posteriori  variance  factors  computed  in  the  OCT77 
adjustments.  The  a  priori  variance  factor  is  1.000  and  the  average  stage  1  variance 
factor  is  1.07,  taking  the  relative  sizes  of  the  sections  into  account.  When  the  18 
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FIGURE  3. — Section  adjustment  sequence  for  section  9  in  the  OCT77  adjustment. 


sets  of  position  equations  from  stage  1  are  combined  in  the  terrestrial  stage  2 
adjustment,  the  a  posteriori  variance  factor  is  2.16  indicating  that  the  18  terrestrial 
sections  do  not  fit  together  as  well  as  their  computed  covariances  from  stage  1 
suggest  they  should.  Although  the  covariances  in  the  terrestrial  sections  are 
reasonable  estimates  of  accuracy  between  adjacent  stations,  they  overestimate  the 
accuracy  over  long  distances  between  junction  stations,  because  they  do  not  reflect 
systematic  error  propagation  through  the  network  (Ashkenazi  and  Cross  1976). 
When  the  terrestrial  network  is  combined  with  the  Doppler  network,  the  variance 
factor  increases  from  2.16  for  the  terrestrial  system  alone  to  2.70  for  the  combined 
system.  Part  of  the  increase  may  be  due  to  the  apparent  azimuth  and  scale 
differences  between  the  terrestrial  and  Doppler  systems,  and  part  of  it  may  be  due 
to  incompatibilities  in  the  systems  between  adjacent  Doppler  stations. 
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Table  2. — Data  summary  OCT77,  terrestrial  data. 

Direc-                 Dis-                   Azi-  Junction  Doppler 

Section                   Stations               tions                tances               muths  stations  stations 

20  11  8 

29  33  13 
7  12  5 
5  15  3 

20  7  8 

12  5  6 

18  11  6 

20  12  9 

27  19  10 

10  17  7 

30  19  7 
29  20  15 

4  3  5 

1  6  1 
3  20  24 
9  22  14 

2  3  1 
1  3  0 

Doppler  data 


001  

561 

3,311 

1,315 

002 

577 

3,077 

427 

003  

225 

1,275 

99 

004 

195 

1,280 

441 

005 

393 

2,313 

792 

006 

325 

1,980 

194 

007 

329 

1,618 

383 

008 

484 

2,726 

112 

009 

499 

1,966 

991 

010 

346 

2,300 

313 

011  

550 

2,760 
2,417 

253 

012 

526 

711 

013  

285 

1,663 

43 

014 

227 

1,353 

23 

021  

136 

6 
45 

590 

022 

162 

610 

024 "____ 

18 

20 

47 

025 

6 

0 

15 

Section 

Stations 

Figures 

1973 

9 

7 

1974 

52 

8 

1975 

77 

12 

1976 

60 

9 

Manitoba 

31 

1 

For  the  larger  sections  in  the  terrestrial  network,  the  stage  1  variance  factors 
in  table  3  vary  (from  0.74  for  section  011  to  1.45  for  section  010)  indicating  some 
degree  of  incompatibility  in  estimated  relative  weights  between  sections  or  the  nets 
within  them.  How  much  this  variation  affects  the  adjustment  results  and  the 
analysis  has  not  been  determined. 

3.  Large  residual  analysis. — Program  GANET  standardizes  adjustment  resid- 
uals and  flags  the  observations  if  their  standardized  residuals  fall  into  the  critical 
region  defined  by  the  TAU  distribution  at  the  1  percent  significance  level  (Pope 
1976).  In  the  MAY76  adjustment  54  of  the  37,000  observations  were  flagged  (Fraser 
1976). 

They  were  dealt  with  in  the  following  ways: 

(a)  4  were  corrected  for  blunders  found  in  their  associated  calculations, 

(b)  23  were  assigned  larger  a  priori  standard  deviations  commensurate  with 
the  observing  techniques  used  for  them.  (Of  these,  10  were  eliminated 
through  the  reduction  of  data  at  eccentric  stations.) 

(c)  11  were  removed  from  the  data  set  because  they  disagreed  with  other 
measurements  (on  the  same  lines)  that  were  not  flagged,  and 

(d)  16  were  left  in  the  data  set  unchanged  and  recommendations  were  made 
to  remeasure  5  of  them,  the  other  11  being  borderline  cases. 
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Table  3. — A  posteriori  variance  factors  for  the  OCT77  adjustment . 


Section 


Degrees  oi 

A  posteriori 

variance  factor 

Stage  1 

Stage  1 

Stage  3 

2,681 

1.17 

1.18 

1,714 

1.11 

1.18 

665 

1.36 

1.46 

991 

1.33 

1.38 

1,788 

1.07 

1.11 

1,051 

1.12 

1.15 

983 

0.86 

0.93 

1,329 

0.97 

1.03 

1,529 

1.09 

1.16 

1,392 

1.45 

1.52 

1,347 

0.74 

0.78 

1,530 

0.91 

0.95 

7,58 

0.91 

0.% 

649 

0.75 

0.79 

324 

0.93 

1.38 

320 

1.00 

1.44 

27 

1.74 

2.04 

3 

0.93 

4.83 

001  

002  

003  

004 

005 

006 

007  

008  

009 

010 

011  

012  

013  

014 

021  

022  

024  

025 

Stage  2 

Terrestrial 
Doppler  _. 
Combined 


Number  of 
stations 


Degrees  of 
freedom 


A  posteriori 
variance  factor 


245 

272 

2.16 

210 

30 

1.45 

333 

554 

2.70 

In  the  OCT77  adjustment  22  observations  were  flagged,  11  of  which  had  not 
been  flagged  in  the  MAY76  adjustment.  These  are  being  examined  to  decide  what 
action  should  be  taken  in  each  case. 

4.  Comparisons  of  the  terrestrial  and  Doppler  networks. — Coordinates  com- 
puted in  the  terrestrial  stage  2  adjustment  were  compared  to  coordinates  from  the 
Doppler  stage  2  adjustment.  The  vectors  in  figure  4  represent  the  differences 
between  the  two  systems  in  the  OCT77  adjustment  and  the  direction  of  the  vectors 
are  from  the  terrestrial  coordinates  to  the  Doppler  coordinates.  They  are  smallest 
in  southern  Ontario,  because  the  terrestrial  network  adjustment  was  constrained  to 
coordinates  for  station  CARL1NG  (near  Toronto)  from  the  combined  stage  2 
adjustment.  The  largest  difference  is  20  m  at  the  northern  end  of  the  Alaska- 
Yukon  boundary. 

Figure  5  shows  the  azimuth  and  scale  components,  referred  to  CARLING,  for 
the  vectors  in  figure  4.  The  components  represent  azimuth  and  scale  differences  of 
about  +0.5  second  and  —1.5  ppm.  The  azimuth  and  scale  differences  estimated 
from  the  MAY76  adjustment  were  +0.4  second  and  +0.3  ppm. 

It  has  not  been  established  yet  whether  or  not  the  differences  apparent  in 
figure  4  are  significant.  Further  analysis  is  needed  to  evaluate  the  differences  by 
taking  into  account  the  azimuth  and  scale  uncertainty  in  each  system,  particularly 
in  the  terrestrial  system.  However,  another  coordinate  comparison  was  made 
which  indicates  that  the  apparent  azimuth  and  scale  differences  (+0.5  second  and 
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FIGURE  4. — Vectors  showing  differences  in  coordinates  between  the  terrestrial  and  Doppler  networks 

in  the  OCT77  adjustment. 


FIGURE  5.  —  Vector  components  showing  displacements  in  azimuth  and  in  scale  between  the  terrestrial 
and  Doppler  networks  in  the  OCT77  adjustment. 
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A  TERRESTRIAL     POSITION 

O  DOPPLER     POSITION 

D  COMBINED     POSITION 

STANDARD     ERROR     ELLIPSES     (38%) 

95%     CONFIDENCE      REGION 


5     Metres 


SATANT   730100 
FIGURE  6.— Error  ellipses  at  station  SATANT  near  St.  John's,  Newfoundland. 

—  1.5  ppm)  may  be  significant.  The  terrestrial-Doppler  coordinate  differences  at  30 
Doppler  stations  spread  across  the  network  were  compared  with  error-ellipse  data. 
An  example  is  shown  in  figure  6  for  station  SATANT  in  St.  John's,  Newfoundland. 
The  triangle,  circle,  and  square  represent  the  positions  of  SATANT  from  the 
terrestrial,  the  Doppler,  and  the  combined  stage  2  adjustment,  respectively.  The 
solid  lines  are  the  axes  of  the  standard  error  ellipses,  and  the  dotted  lines  are  the 
axes  of  the  95  percent  confidence  ellipses.  They  show  the  uncertainty  in  positioning 
relative  to  station  CARL1NG  in  Toronto.  For  the  30  stations  compared  this  way  the 
Doppler  position  is  outside  the  95  percent  confidence  region  for  the  terrestrial 
position  in  24  cases.  If  either  the  Doppler  or  the  terrestrial  system  were  rotated 
and  scaled  by  0.5  second  and  1.5  ppm,  the  Doppler  position  would  be  outside  in 
only  nine  cases. 

Over  long  distances,  from  CARLING  to  SATANT  for  example,  the  terrestrial 
network  has  hardly  any  influence  in  the  relative  positioning  of  Doppler  stations.  In 
figure  6  the  position  for  SATANT  computed  in  the  combined  stage  2  is  almost  the 
same  as  the  position  from  the  Doppler  adjustment. 
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Further  analysis  is  required  to  determine  how  well  the  Doppler  and  terrestrial 
networks  agree  between  adjacent  Doppler  stations. 

5.  Aerodist  scale. — In  the  MAY76  adjustment,  60  percent  of  the  Aerodist 
residuals  were  negative  and  the  negative  residuals  were  larger  than  the  positive 
residuals.  An  analysis  was  carried  out  to  estimate  a  scale  factor  which  could  be 
applied  to  Aerodist  measurements  to  improve  their  agreement  with  Doppler  and 
triangulation. 

Each  year's  Aerodist  project  (1966-73)  was  adjusted  separately  and  compared 
to  an  adjustment  of  the  Doppler  and  triangulation  network.  Table  4  shows  the 
scale  difference  estimated  for  each  year  and  the  number  of  inverse  distances  that 
were  compared.  The  mean  scale  difference  computed  tor  143  lines  is  +6.5  ppm. 
Before  the  OCT77  adjustment,  all  Aerodist  measurements  were  shortened  by  5 
ppm  (which  is  half  the  usual  standard  deviation,  ±  10  ppm,  assigned  to  the 
measurements).  In  the  OCT77  adjustment,  51  percent  of  the  1,200  Aerodist 
residuals  were  negative,  and  the  negative  and  positive  residuals  were  generally  the 
same  size.  The  sum  of  squares  of  the  Aerodist  residuals  in  the  OCT77  adjustment 
was  6  percent  smaller  than  in  the  MAY76  adjustment. 

6.  Tellurometer  scale. — The  scale  of  the  terrestrial  net  is  influenced  by 
Tellurometer  measurements  which  might  explain  part  of  the  scale  difference 
between  the  Doppler  and  terrestrial  systems.  Previous  comparisons  of  Tellurometer 
and  Geodimeter  measurements  show  that  Tellurometer  measurements  tend  to  be 
shorter  than  Geodimeter  measurements  (Jones  1971;  Felletschin  1974;  Rinner 
1974). 

The  Canadian  network  has  215  lines  that  have  been  measured  with  both 
instruments.  The  standard  deviations  normally  assigned  to  the  measurements  were 
used  to  weight  them  in  a  recent  comparison  in  which  the  Tellurometer  lengths 
were  found  to  be  2.5  ppm  (±  0.3  ppm)  shorter  than  the  Geodimeter  measurements. 
(Tower  heights  and  day/night  considerations  were  not  taken  into  account.)  The 
standardized  residuals  from  the  comparison  were  normally  distributed,  but  much 
of  the  data  compared  were  measured  in  a  few  specialized  projects  in  southern 
Canada. 

In  a  comparison  of  satellite  Doppler  network  and  the  Transcontinental 
Traverse  in  the  United  States,  the  scale  of  the  Doppler  system  was  greater  than 

Table  4. — Estimated  scale  differences  between  each  year's  Aerodist  project  and  the  combined 
triangulation-Doppler  network. 

Aerodist-Doppler 
Number  ol  inverse  scale  difference 

Year  distance  comparisons  (PPM) 

1966 29  +4.4 

1967 29  +  3.3 

1968 24  +  11.4 

1969 6  +  11.3 

1970 5  +  1.2 

1971 12  +9.2 

1972 19  +6.0 

1973 19  +6.9 

Total    143  +6.5  ppm' 
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the  Geodimeter  scale  in  the  traverse  by  1.0  ppm  (Meade  1974).  The  Doppler 
system  in  Canada  was  scaled  by  —1.0  ppm  (Kouba  1978),  which  would  make  it 
agree  with  the  Geodimeter  scale.  In  several  triangulation  nets  in  northern  Canada 
all  or  most  of  the  sides  were  measured  with  Tellurometers.  The  Tellurometer  scale 
was  compared  to  the  Doppler  scale  by  comparing  coordinates,  from  the  OCT77 
terrestrial  and  Doppler  adjustments,  at  the  ends  of  11  triangulation  arcs.  The  result 
was  0.0  ppm  (±0.9  ppm).  Based  on  this  result  there  is  no  reason  to  adjust  the  scale 
of  Tellurometer,  yet  because  of  the  evidence  supporting  a  scale  discrepancy  a 
scale  factor  for  Tellurometer  measurements  should  still  be  considered.  The 
Tellurometer  lengths  could  be  lengthened  by  2.5  ppm  and  tested  in  a  combined 
adjustment  of  the  terrestrial  and  Doppler  systems,  but  probably  not  before  some 
further  investigation. 

7.  Short  line  analysis. — Error  ellipses  were  computed  in  the  OCT77  stage  3 
adjustments  between  stations  directly  connected  by  terrestrial  observations  and 
between  unconnected  stations  separated  by  less  than  20  km.  The  semimajor  axes 
of  the  95  percent  confidence  ellipses  are  expressed  in  ppm  of  the  distances 
between  the  stations  and  referred  to  as  relative  accuracies.  The  relative  accuracies 
are  used  to  classify  coordinates  as  being  1st,  2d,  3d,  and  4th  order  according  to 
current  standards,  Specifications  and  Recommendations  for  Control  Surveys  and 
Survey  Markers,  published  in  1977  by  the  Surveys  and  Mapping  Branch,  Canada. 

Relative  accuracies  computed  in  the  OCT77  adjustment  are  being  examined 
to  assign  tentative  classifications  to  the  coordinates.  If,  in  subsequent  adjustments, 
the  classifications  indicated  on  preliminary  coordinates  input  to  GANET  are 
inconsistent  with  the  relative  accuracies  computed  between  stations,  GANET  will 
flag  the  appropriate  lines  indicating  that  either  the  stations  should  be  reclassified 
or  extra  measurements  should  be  made  to  strengthen  the  net. 

Conclusion 

Although  we  envisage  minor  modifications  to  program  GANET  and  perhaps  to 
the  method  of  section  adjustment  we  use  with  it,  they  are  adequate  for  adjustments 
of  the  existing  primary  network  in  Canada.  In  addition  to  a  rigorous  coordinate 
solution,  they  can  provide  enough  covariance  or  error  ellipse  data  to  analyze 
adjustments  and  classify  coordinates  according  to  their  relative  positioning  accura- 
cies. Between  now  and  the  1983  continental  adjustment,  much  of  our  concern 
should  be  directed  towards  resolving  weaknesses  and  systematic  errors  in  the 
terrestrial  network  and  the  orientation  and  scale  differences  between  the  terrestrial 
and  Doppler  networks. 
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Discussion 

Schwarz:  You  are  fortunate  to  have  all  your  data  already  in  machine-readable  form  and  validated,  with 
the  knowledge  that  it  will  go  through  the  adjustment.  Was  there  a  time  when  you  had,  say,  20  sections 
that  you  knew  would  adjust  individually  by  themselves,  but  had  not  yet  been  combined?  If  so,  were  new 
problems  created  in  combining  them  into  a  network? 

Beattie:  Yes,  the  October  1977  adjustment  resulted  from  the  May  1976  combination.  Things  cropped  up 
that  couldn't  be  detected  with  small  scale  adjustments.  These  were  some  of  the  blunders  or  large 
residuals  I  mentioned. 

Schwarz:  What  investment  in  resources  is  needed  for  this  process  of  the  adjustment,  e.g.,  personnel, 
computer  runs,  time  period? 

Beattie:  We  don't  have  a  firm  figure.  If  you  are  trying  to  extrapolate  our  experience  into  yours,  you  must 
remember  we  have  only  5,800  stations  compared  to  your  100,000  to  200,000. 
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Abstract:  For  the  October  1977  adjustment,  the  Geodetic  Survey  of 
Canada  adopted  a  geocentric  datum  which  was  positioned  and  oriented 
by  means  of  the  Doppler  (NWL9D)  system  calibrated  (in  scale  and 
longitude)  by  external  standards,  such  as  VLBI  and  other  space  and 
terrestrial  systems.  Analysis  of  the  test  adjustment  revealed  several  areas 
for  further  studies  such  as  a  longitude  difference  of  about  0.5"  between 
Canadian  astro  observations  and  the  above-calibrated  Doppler  and  the 
possibility  that  either  Doppler  or  triangulation  error  estimates  are  too 
optimistic.  Our  approach  to  datum  specification  and  the  plans  for  further 
studies  are  also  reviewed. 

Introduction 

Since  1974  the  Geodetic  Survey  of  Canada  has  completed  two  test  adjustments 
of  the  whole  Canadian  framework  in  preparation  for  the  1983  North  American 
adjustment,  the  latest  one  was  carried  out  in  October  1977.  For  these  test 
adjustments  some  steps  relating  to  datum  and  data  combination  had  to  be 
undertaken.  The  main  purpose  of  this  report  is  to  summarize  our  approaches  to 
datum  specifications  and  data  combination  as  part  of  the  documentation  of  the 
October  test  adjustment.  The  same  topic  has  already  been  discussed  in  more  detail 
(Kouba  1976).  There  have  been  some  changes  since  then,  e.g.,  the  January  1977 
decision  of  the  Canadian  Council  for  Surveying  and  Mapping  favouring  a  geocentric 
datum;  also  additional  results  have  become  available.  In  particular,  the  results  of 
the  October  1977  adjustment  itself  may  provide  significant  information  for  future 
datum  considerations. 

This  report  is  closely  related  to  other  contributions  at  this  symposium,  namely 
Beattie  et  al.  (1978),  Boal  and  Kouba  (1978),  and  Kouba  and  Hothem  (1978). 

Geodetic  Datums 

In  classical  applications,  a  geodetic  datum,  i.e.,  a  reference  ellipsoid  uniquely 
positioned  and  oriented,  was  defined  in  a  local  sense  only.  The  position  of  the 
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datum  was  related  to  a  single  terrestrial  (datum)  point,  and  orientation  was 
specified  with  respect  to  another  point  and  star  catalogues.  This  was  the  only  way 
one  could  define  a  geodetic  reference  system  in  the  past  as  neither  angles  nor 
distances  imply  datum  position  nor  orientation.  The  astronomical  observations 
together  with  gravity,  on  the  other  hand,  do  imply  an  orientation  and  an 
approximate  position.  The  local  datums  had  some  inherited  problems,  such  as 
increasing  distortions  and  decreasing  accuracy  with  increasing  distance  from  the 
datum  point.  When  the  satellite  and  gravity  methods  became  widely  used,  the 
need  of  relating  various  national  and  global  datums  became  actual,  and  often 
proved  to  be  difficult. 

Satellite  methods  in  particular  provided  us  with  highly  consistent,  global 
coordinate  systems  and  excellent  global  geoids.  Good  examples  are  the  U.S.  Navy 
Navigation  Satellite  System  and  Goddard  Space  Flight  Center  Earth  Model  (GEM) 
solutions.  Positioning  within  the  Doppler  system  is  relatively  fast  and  inexpensive, 
competitive  with  classical  methods  even  at  distances  of  a  few  tens  of  kilometers. 
Furthermore,  such  systems  offer  us  the  possibilities  not  available  before,  i.e.,  such 
as  being  able  to  observe  in  a  nearly  geocentric  coordinate  system  and  being  able  to 
compare  different  national  and  global  space  methods. 

Thus  a  logical  datum  choice  now  seems  to  be  a  reference  ellipsoid  positioned 
and  oriented  in  a  conventional  terrestrial  system  such  as  the  Average  Terrestrial 
System  (ATS).  This  is  a  right-handed  geocentric  coordinate  system  with  its 
coordinate  axes  oriented  according  to  international  conventions,  i.e.,  the  Conven- 
tional International  Origin  (CIO)  of  International  Latitude  Service  and  zero 
meridian  of  Bureau  International  de  THeure  (BIH).  Provided  that  space  systems 
are  uniquely  related  to  the  above  conventions,  the  positioning  in  the  ATS  system  is 
straightforward  and  geodetic  datums  (geocentric  or  nongeocentric)  can  be  directly 
specified  (positioned  and  oriented)  with  respect  to  such  conventions  and  hence  also 
related  to  each  other. 

Datum  for  October  Test  Adjustment 

In  support  of  the  coming  readjustment  of  1983,  the  Geodetic  Survey  of  Canada 
established  in  excess  of  150  Doppler  stations  with  average  spacing  of  300  to  500 
km  (Boal  and  Kouba  1978).  Even  though  intended  primarily  for  improving  relative 
accuracy,  highly  accurate  global  positional  accuracy  was  soon  pointed  out  by 
Anderle  (1974).  Our  Doppler  network  refers  to  the  NWL9D  system,  which  is 
implied  by  adopted  geocentric  coordinates  of  some  16  TRANET  tracking  stations 
used  by  U.S.  Defence  Mapping  Agency  for  generating  precise  satellite  ephemeris 
(Anderle  1976).  Although  we  could  have  specified  the  datum  in  the  NWL9D 
system,  the  ATS  appear  to  be  more  appropriate  owing  to  its  international 
character. 

The  actual  datum  specification  was  done  in  the  following  three  steps: 

First,  it  was  verified  that  our  Doppler  network  is  compatible  with  the  NWL9D 
system  by  comparing  our  solutions  with  solutions  of  the  U.S.  agencies  (National 
Geodetic  Survey  of  NOAA  and  Naval  Surface  Weapons  Center).  The  differences 
for  (/>  and  A  and  h  were  well  below  1  m  in  most  cases  (Kouba  and  Boal  1976; 
Kouba  and  Hothem  1978). 

In  the  second  step,  the  INWL9D  system  was  calibrated  in  scale  and  orientation 
according  to   several  external   standards   using  recent   publications.   As   shown  in 
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SOURCE    OF    POLE    POSITION 


(  I  )  Strange     et  al  ,   1975 

(2)  Schmid     ,    1974 

(3)  Lercn     etal     ,    1974 

(4)  Mueller   at  al    ,  1973 

(  GEM  6  )  using  GEM6  as   intermediary    etc. 
FIGURE  1. — Comparison  of  Z-axis  orientation  with  respect  to  NWL9D. 


figure  1,  one  can  see  that  the  NWL9D  pole  is  consistent  with  other  systems  (in 
1970  the  NWL9D  coordinates  were  derived  holding  BIH  pole  position  fixed), 
though  there  may  be  a  bias  of  the  order  of  several  metres  (Anderle  1976).  The 
longitude  origin  of  NWL9D  appears  to  be  too  far  east  (fig.  2),  i.e.,  NWL9D 
longitude  east  required  a  correction  of  about  0.65"  in  order  to  be  consistent  with 
U.S.  Transcontinental  Geodimeter  Traverse,  DOD  World  Geodetic  System  1972 
(WGS72),  BC4  satellite  geometric  network,  and  Very  Long  Baseline  by  Interfero- 
metry  (VLBI).  It  should  be  noted  that  subsequent  Smithsonian  Standard  Earth 
(SE)  solutions  (IV  and  V)  agree  with  the  BC4  orientation.  The  most  recent  results 
from  VLBI  indicate  a  larger  orientation  change  of  about  0.80"  (Petrachenko  et  al. 
1977;  Hothem  et  al.  1978). 
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Figure  2.— Zero  meridians  with  respect  to  NWL9D. 


A  similar  analysis  for  scale  (Anderle  1974)  and  (Strange  et  al.  1975)  revealed  a 
scale  bias  of  about  1.0  ppm.  Of  this,  only  0.4  ppm  was  accounted  for  (Anderle 
1978),  which  happens  to  agree  with  the  latest  VLBI-Doppler  comparisons  (Hothem 
et  al.  1978).  (This  change  in  the  scale  bias  is  explained  in  the  reference.)  The 
origin  of  the  NWL9D  system  appears  to  be  geocentric  within  a  metre  or  so 
(Anderle  1974,  Lachapelle  1976). 
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Third  step,  the  datum  was  positioned  and  oriented  in  the  above  calibrated 
NWL9D  system  approximating  the  Average  Terrestrial  System.  The  reference 
ellipsoid  used  is  consistent  with  our  results  (Lachapelle  1978),  WGS72  and  IAG 
recommendations  (flattening  only)  of  1975.  The  datum  for  October  1977  was 
selected  to  be  geocentric,  oriented  according  to  ATS.  The  datum  parameters  along 
with  the  transformation  parameters  to  NWL9D  are  listed  in  table  1.  The  error 
estimates  in  table  1  also  express  the  accuracy  with  which  the  October  77  datum 
was  positioned  and  oriented  with  respect  to  ATS.  Assuming  that  the  1983  N.A. 
Datum  will  be  geocentric  with  the  mean  Earth  ellipsoid  and  the  coordinate  axes 
coincident  with  ATS,  then  the  above  accuracy  estimate  relates  the  October  1977  to 
1983  adjustment  as  well.  We  have  two  types  of  error  estimates,  the  external 
discussed  above,  which  related  the  October  1977  adjustment  with  ATS  and  other 
global  systems  (with  the  exception  of  NWL9D).  The  internal  error  estimates  are 
fairly  uniform  throughout  the  network  and  express  relative  and  positional  accuracy 
within  October  1977  adjustment  as  well  as  NWL9D  system. 

It  should  be  noted  here  that  two  additional  pieces  of  information  can  provide 
orientation  and  position  of  a  datum,  though  to  a  lesser  degree  of  accuracy  than  the 
Doppler  system  can.  Namely,  the  astronomic  observations  (azimuths)  and  geoid 
used  for  data  reduction  to  the  ellipsoid.  We  have  verified  that  the  geoid  (GEM8) 
used  is  consistent  with  the  Doppler  origin  (Lachapelle  1976).  It  was  assumed  that 
our  astro  azimuths  are  consistent  with  the  ATS,  thus  also  the  calibrated  Doppler, 
after  a  comprehensive  study  resulting  in  corrections  (catalogues,  constants, 
observatory  corrections,  etc.)  to  astronomic  observations  (Vamosi  1977). 

Problems  in  October  1977  Adjustment 

Apart  from  a  combined  adjustment  of  Doppler  and  terrestrial,  two  additional 
adjustments  were  carried  out.  In  the  first,  Doppler  was  adjusted  alone  in  dj  and  A 
(neglecting  Doppler  p^h  and  pkh).  The  second  is  a  terrestrial  adjustment  with  one 
central  station  (CARLING)  at  Toronto  held  fixed  at  the  Doppler  value.  Comparisons 
of  the  two  adjustments  proved  to  be  most  interesting.  There  seems  to  be  an 
apparent  azimuth  rotation  of  about  0.5";  the  terrestrial  azimuth  is  larger  by  this 
amount.  Although  this  difference  could  be  the  result  of  a  combination  of  biases  in 


TABLE  1. — Datum  parameters  for  OCT77  adjustment . 

ATS  toOCT77  NWL9D  to  OCT77 

Parameter  value  <7  value  a 

x  pole 0.00" 

ypole 0.00" 

SX  longitude    0.00" 

Ax     O.m 

Ay    O.m 

Az O.m 

scale    0  ppm 

reference  ellipsoid    


0.15" 

0.00" 

0.00" 

0.15" 

0.00" 

0.00" 

0.15" 

0.65" 

0.00" 

2m 

0.0  m 

0.0  m 

2m 

0.0  m 

0.0  m 

2m 

0.0  m 

0.0  m 

0.1  ppm 

—  1.0  ppm 

0.0  ppm 

a  = 

6,378,135 

±  2  m 

1/1  = 

298.257 

±  0.002 

0 

held  fixed 

169  deflections  (df  = 

=  336) 

0.08 

0.10 

<r0  =  1.48" 

0.36 

0.11 

Pvk  =  -o.io 
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Table  2. — Orientation  difference,  OCT77  to  Canadian  astro-observation  using  gravity  deflections. 

Value  rr 

Parameter  Adjustment  statistics 

x  pole 

y  pole 

8k  longitude    


astro  azimuth,  slope  of  the  geoid,  all  of  which  can  be  expected  at  0.2"  level,  it  is 
more  likely  that  the  longitude  orientation  is  to  be  blamed.  The  0.5"  azimuth  bias 
corresponds  to  about  0.7"  in  longitude  when  assuming  that  other  biases  are  zero. 
This  means  that  no  difference  would  be  present  had  NWL9D  longitudes  not  been 
increased  by  0.65".  That  this  difference  between  our  astro  and  calibrated  Doppler 
is  likely  real  can  be  seen  from  table  2  and  also  in  figure  2,  where  the  difference  of 
0.36"  ±0.11"  was  obtained  comparing  the  astro  deflections  (in  OCT77)  and 
gravimetric  deflections  (using  GEM8  and  8°  gravity  integration),  see  Lachapelle 
(1977).  The  x  pole  component  had  to  be  fixed  as  it  was  found  to  be  highly 
correlated  with  the  §A  component.  The  total  of  169  well-distributed  astro  deflection 
points  was  used.  The  internal  accuracy  of  0.11"  requires  an  addition  of  about  0.1" 
for  GEM8  orientation.  Thus  the  two  differences  appear  to  be  significant  with 
respect  to  corresponding  error  estimates  and  indicate  that  our  astro  (longitudes) 
are  inconsistent  at  about  0.5'  level  with  our  calibrated  Doppler  and  consequently 
other  systems  including  astro  data  on  the  U.S.  Transcontinental  Geodimeter 
Traverse.  Though  our  Doppler  can  be  misaligned  by  a  few  tens  of  arc-sec,  it  is 
more  likely  that  the  Canadian  astronomic  observation  is  biased  because  of,  for 
example,  not  taking  into  account  the  personal  errors  and  not  comparing  our 
observations  with  independent  standards  such  as  PZT  stations.  A  further  study  is 
required  here,  connecting  our  observations  to  PZT  (to  check  on  magnitude  of  the 
personal  errors),  to  make  accurate  astronomical  observations  at  selected  Doppler 
points,  compare  the  United  States  astro  with  the  United  States  Doppler,  using  the 
same  procedure  as  in  table  2,  indirectly  connecting  the  United  States  and  Canadian 
astro  via  GEM8  orientation,  and  finally  a  joint  (Canadian-United  States)  simultane- 
ous astro  observations  at  several  (border)  points  would  also  provide  useful 
compatibility  checks  on  personal  errors,  instrumentations,  and  methods. 

The  accuracy  estimates  of  the  terrestrial  and  Doppler  network  appear  to  be 
overly  optimistic  as  a  combination  of  the  two  gives  a  variance  factor  of  2.7  with 
redundancy  of  554,  which  clearly  fails  a  x2  test-  It  is  well  known  that  geodetic 
networks  give  too  optimistic  error  estimates  for  longer  distances  (Ashkenazi  and 
Cross  1976)  as  any  EDM  and  refraction  biases  are  neglected,  though  the  Doppler 
error  estimates  resulting  from  our  error  modelling  should  be  questioned,  and 
tested. 

The  scale  reduction  of  1  ppm,  used  for  transformation  of  NWL9D  system, 
may  be  smaller,  the  latest  comparisons  with  VLBI  indicate  -0.4  ppm,  which  is 
outside  the  estimate  of  -1.00  ±0.1  ppm.  Another  indication  of  smaller  Doppler- 
scale  bias  is  the  fact  that  our  so-called  Doppler  (heights)  imply  a  semi-major  axis  a 
of  about  6,378,130,  which  is  consistently  lower  than  the  value  6,378,140  obtained 
when  using  GEM  10  geoid  and  coordinate  system  (Lachapelle  1978). 
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Summary 

Using  the  Doppler  system  as  an  intermediary  for  positioning  and  orientation  of 
a  geodetic  datum  in  the  Average  Terrestrial  System  appears  to  be  a  sound  and 
workable  approach.  Such  a  datum  definition  results  in  a  more  accurate  datum  than 
possible  in  classical  datum  realization,  and  provides  necessary  links  with  various 
national  and  international  reference  systems,  including  gravity  and  star  catalogues. 
Such  a  datum  is  also  compatible  with  VLBI  and  other  satellite  methods.  The 
former  will  play  an  increasingly  important  role  in  the  definition  of  an  accurate 
Average  Terrestrial  System  as  evidenced  by  the  fact  that  the  radio  sources  will  be 
included  in  the  fundamental  star  catalogue  FK5  (Fricke  1974).  The  satellite 
methods,  on  the  other  hand,  will  likely  overtake  classical  triangulation  even  at 
spacings  of  a  few  tens  of  kilometers. 

As  a  result  of  the  Canadian  test  adjustments,  several  related  problems  had  to 
be  addressed  such  as  Doppler  error  modelling  and  utilization  (Kouba  1975),  datum 
considerations  (Kouba  1976),  revision  of  astronomical  data  (Vamosi  1977),  and 
compatibility  of  the  United  States  and  Canadian  Doppler  networks  (Kouba  and 
Hothem  1978).  Also  several  areas  were  identified  for  further  studies:  the  apparent 
longitude  orientation  difference  of  about  0.5"  between  Canadian  astronomic 
observations  and  the  Doppler  approximation  of  the  B1H  zero  meridian.  The 
combination  solution  of  Doppler  and  triangulation  indicated  a  possibility  that  either 
triangulation  and/or  Doppler  error  estimates  may  be  optimistic. 
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Discussion 

Ashkenazi:  How  far  have  you  progressed  in  deciding  what  kind  of  datum  to  use? 

Kouba:  We  have  tried  many  combinations,  but  a  final  decision  has  not  been  made.  If  a  geocentric 
datum  is  used,  then  I  believe  there  is  no  difference  in  the  geocentric  system  implied  by  the  Doppler 
coordinates  and  the  geocentric  system  implied  by  the  GEM8  solution. 

Black:  The  origin  of  longitude  was  realized  in  the  Doppler  (Transit)  system  using  the  old  (APL  4.5) 
gravity  model  by  direct  measurement  of  longitude  at  Greenwich.  Then  the  recalibration  was  repeated 
after  the  WGS-72  gravity  field  model  was  implemented  in  the  Transit  system.  This  showed  that  the 
calibration  couldn't  have  been  done  better  than  0'.'25  with  the  data  in  our  archives.  The  results  are 
published  in  the  Journal  of  the  Institute  of  Navigation,  Vol.  24,  No.  3,  Fall  1977. 

There  is  stiU  a  discrepancy  of  1  m,  a  rather  systematic  difference — about  1  m  between  the  Doppler 
polar  position  and  the  BIH  polar  position  which  should  be  resolved. 

Mueller:  If  the  aim  was  to  use  the  average  terrestrial  system  as  the  datum,  why  didn't  you  use  the  BC- 
4  network  for  orientation,  since  it  is  known  to  approximate  best  the  average  terrestrial  system  at 
present? 

Kouba:  We  have  used  the  BC-4  network  orientation  in  our  longitude  correction  of  0.65"  which  is  a 
weighted  mean  of  several  systems,  including  BC-4.  Dr.  Helmut  Schmid  obtained  a  0.59"  difference 
between  the  BC-^1  and  NWL-9D  longitude  and  quite  a  close  (within  0.15")  agreement  in  the  z  orientation. 
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Abstract:  Some  theoretical  problems  related  to  the  concept  of  a  geodetic 
datum  are  discussed:  the  definition  of  a  global  terrestrial  rectangular 
coordinate  system,  the  position  of  a  datum  with  respect  to  the  geocenter 
and  its  orientation  with  respect  to  the  global  axes,  the  role  of  the  Laplace 
equation,  and  the  choice  of  a  reference  ellipsoid. 


Introduction 

A  geodetic  datum  is  usually  defined  in  terms  of  five  parameters  a,  /;  x0,  y0, 
z0.  Here  a  and /denote  semimajor  axis  and  flattening  of  the  reference  ellipsoid, 
which  is  taken  as  an  ellipsoid  of  revolution,  and  x0,  y0i  z0  are  the  rectangular 
coordinates  of  the  center  of  the  reference  ellipsoid  with  respect  to  the  geocenter, 
the  Earth's  center  of  mass.  This  definition  presupposes  an  underlying  basic  system 
of  rectangular  coordinates  XYZ ,  the  Z-axis  coinciding  with  the  mean  rotation  axis 
of  the  Earth,  and  the  .Y-axis  passing  through  the  zero  meridian,  which  is  the  mean 
Greenwich  meridian.  The  rotation  axis  of  the  ellipsoid  is  supposed  to  be  parallel  to 
the  Z-axis. 

The  geodetic  coordinates  </>  (geodetic  latitude),  A  (geodetic  longitude),  and  h 
(height  above  the  reference  ellipsoid)  are  then  related  to  the  rectangular  coordinates 
XYZ  by  the  well-known  equations  (cf.  Heiskanen  and  Moritz  1967:  205) 

X  =  x0  +  {v  +  h )  cost/)  cos  A, 

Y  —  y0  +  {v  +  h  )cos0sin  A,  (1) 

Z  =z0  +  {{b2vla2)  +  /Osin</>, 

where 


(2) 


Va2cos2(/>  +  62sin2</> 
63 
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is  the  east-west  radius  of  curvature  of  the  reference  ellipsoid  and  b  is  its  semiminor 
axis. 

Contrary  to  the  geodetic  coordinates  $,  X,  h,  the  natural  coordinates  4> 
(astronomical  latitude),  A  (astronomical  longitude),  and  C  (geopotential  number)  are 
directly  measurable.  The  angles  <I>  and  A  define  the  direction  of  the  plumbline  of 
the  observation  station  and  can  be  determined  by  astronomical  measurements. 
The  astronomical  longitude  A  is  measured  from  the  same  zero  meridian  plane  as 
geodetic  longitude  X,  so  that,  on  the  unit  sphere,  the  meridians  A  =  0  and  X  =  0 
coincide  by  definition.  The  geopotential  number  C  represents  height  above  sea 
level;  it  may  be  replaced  by  the  geometrically  more  significant,  though  less  directly 
measurable,  orthometric  height  H ,  which  is  the  elevation  above  the  geoid. 

There  is  no  direct  simple  mathematical  relation,  comparable  to  (1),  between 
<I>,  A,  H  and  X,  Y,  Z  because  the  natural  coordinates  are  subject  to,  usually 
unknown,  irregularities  of  the  gravitational  field.  However,  the  differences  between 
4>,  A,  H  and  (i>,  A,  h  are  small;  we  put 

$  =  <£  +f, 

A  =  A  +  7)sec(J),  (3) 

H  =h  -N; 

£  and  r)  are  the  components  of  the  deflections  of  the  vertical  and  N  is  the  height  of 
the  geoid  above  the  ellipsoid. 

The  present  paper  discusses  theoretical  aspects  and  problems  connected  with 
these  concepts,  especially  with  the  definition  of  rectangular  axes  XYZ  and  of  the 
reference  ellipsoid  underlying  the  geodetic  coordinates  (/>,  X,  h. 

The  Basic  Rectangular  Coordinate  System 

If  the  Earth  were  an  ideally  rigid  body,  then  the  definition  of  a  basic  system  of 
rectangular  coordinates  would  be  relatively  easy.  Difficulties  are  introduced  by  the 
fact  that  the  Earth  deforms  under  the  action  of  tides  and  that  there  are  shifts  of 
masses  due  to  atmospheric  motions,  etc.  Plate  motion  and  similar  effects  further 
complicate  the  picture. 

According  to  Munk  and  Macdonald  (1960:  10-12),  there  are  three  principal 
possibilities  for  defining  terrestrial  rectangular  axes,  the  first  two  of  which  are 
based  on  the  laws  of  mechanics. 

(1)  TisserandVmean  axes  of  body  are  defined  such  that  the  relative  angular 
momentum  is  zero  in  this  system. 

(2)  The  principal  axes,  or  axes  of  figure  form  that  rectangular  system  in  which 
the  tensor  of  inertia  becomes  a  diagonal  matrix. 

(3)  The  "geographic"  axes  are  attached  in  a  prescribed  way  to  a  set  of 
principal  observatories,  such  as  the  stations  of  the  International  Polar  Motion 
Service. 

The  first  two  definitions  have  the  advantage  of  admitting  a  physical  interpre- 
tation; the  equation  of  motion  for  the  Earth's  masses,  the  Liouville  equation, 
assumes  particularly  simple  forms  in  these  two  systems. 
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For  the  present  purpose  they  have  the  essential  drawback  that  the  coordinates 
of  the  observation  stations  are  not  fixed  in  these  two  systems,  not  even  in  an 
average  sense,  after  removing  tidal  motion.  Hence  it  is  better  to  use  "geographic" 
axes,  in  which  the  observatories  are  at  rest  on  the  average  (it  is  appropriate  to 
remove  beforehand  the  short-periodic  effects  of  the  lunar-solar  tide  as  far  as 
possible,  using  a  suitable  tidal  model). 

The  basic  source  of  information  regarding  a  precise  definition  of  such 
terrestrial  reference  systems  and  their  realization  are  the  Proceedings  of  the 
Colloquium  on  Reference  Coordinate  Systems  for  Earth  Dynamics  held  in  Toruh, 
Poland  in  August  1974  (Kolaczek  and  Weiffenbach  1975),  which  contain  many 
papers  concerning  this  question. 

The  subject  is  particularly  difficult  and  controversial  if  we  aim  at  an  accuracy 
level  of  10_H,  which  may  become  relevant  in  the  future.  To  an  accuracy  of  10~6, 
corresponding  to  a  precise  triangulation,  the  standard  definitions  (Mueller  1969: 
337  and  351)  seem  to  be  fully  sufficient:  the  Z-axis  has  the  direction  of  the  CIO 
(Conventional  International  Origin,  defining  a  mean  pole),  and  the  X-axis  is  parallel 
to  the  Zero  Meridian  adopted  by  BIH  (Bureau  International  de  THeure),  also 
denoted  as  the  "Greenwich  Mean  Astronomic  Meridian"  (it  is  conventionally 
defined  and  has  no  direct  relation  to  the  Greenwich  observatory);  these  axes  are  a 
practical  realization  of  "geographical  axes1'  in  the  above-mentioned  sense. 

Plate  motion  and  the  effect  of  atmospheric  and  ocean  circulation  are  too  small 
to  have  an  influence  in  the  present  context  (apart  from  exceptional  effects  along 
the  San  Andreas  Fault,  etc.).  The  same  holds  for  tidal  effects.  It  is  true  that  tidal 
displacements  of  points  on  the  Earth's  surface  may  reach  several  decimeters,  but 
neighboring  points  move  in  much  the  same  way,  so  that  the  effect  on  measured 
distances  and  angles  is  far  below  the  measuring  accuracy.  Only  on  precise  leveling 
may  there  be  noticeable  effects  which,  however,  can  be  readily  corrected  for. 


Datum  Shift  and  Orientation 

Datum  Shift.  The  quantities  x0,  y0,  z{)  in  (1)  represent  the  coordinates  of  the 
center  of  the  ellipsoid  with  respect  to  the  geocenter;  they  are  called  "shift 
parameters."  They  are  in  principle  inaccessible  to  determination  by  geometric 
techniques — astrogeodetic  method,  three-dimensional  terrestrial  triangulation,  sat- 
ellite triangulation — but   they  can   be  determined  by  physical  methods:   the 
gravimetric  method  and  dynamical  satellite  techniques.  Using  one  of  the  latter 
methods  it  is  thus  possible  to  place  the  center  of  the  reference  ellipsoid  at  the 
geocenter,  which  is  certainly  the  natural  position,  thus  obtaining  a  geocentric 
datum. 

From  a  practical  point  of  view,  dynamical  satellite  methods  are  definitely 
superior;  an  accuracy  of  a  few  meters  or  better  (there  is  some  doubt  about  possible 
systematic  effects)  has  been  achieved  in  the  shift  components.  The  gravimetric 
method,  using  Stokes'  and  Vening  Meinesz  integral  formulas,  suffers  from  the 
lack  of  uniform  global  gravity  coverage.  The  accuracy  in  a  vertical  direction, 
determined  by  the  accuracy  of  N,  may  be  of  a  comparable  order  of  magnitude,  a 
few  meters  standard  error,  but  the  accuracy  of  shift  determination  in  a  horizontal 
direction,  defined  by  the  accuracy  of  absolute  (i.e.,  geocentric)  deflections  of  the 
vertical   is  definitely   inferior:    ±3   m   accuracy   in   horizontal   position   would 
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correspond  to  ±  0.1"  in  £  and  17,  of  which  presently  obtainable  accuracies  fall  short 
by  a  factor  of  at  least  5. 

A  geocentric  positioning  of  a  datum  to  an  accuracy  of  a  couple  of  meters  or 
better,  achievable  by  satellite  methods,  especially  Doppler,  corresponds  to  a 
relative  accuracy  better  than  10-6,  which  is  in  keeping  with  accuracy  goals  in 
terrestrial  networks.  Therefore,  a  geocentric  positioning  of  the  reference  ellipsoid 
can  be  made  and  should  be  made  by  all  means  in  the  best  possible  way. 

It  is  the  opinion  of  the  author  that  nongeocentric  datums  are  a  thing  of  the 
past  and  that  modern  datums  should  be  geocentric.  Apparent  advantages  of 
nongeocentric  datums,  especially  possibly  slightly  better  local  fit  of  the  geoid  by  a 
nongeocentric  reference  ellipsoid,  certainly  do  not  outweigh  the  advantages  of  a 
geocentric  system:  theoretically,  a  physically  meaningful  and  unambiguous  defini- 
tion of  the  coordinate  origin,  and  practically,  an  immediate  relation  to  global 
reference  systems  such  as  provided  by  Doppler. 

Orientation.  Let  us  write  equations  (1)  in  the  form 

X  -  x0  +  x, 

Y  =  y0+y,  (4) 

Z  =  z0  +  z, 

where 

x  —  (v  +  h  )cos$cos\, 

y  =  iy  +  h  )cosc/>sin\,  (5) 

z  =  ((b2v/a2)  +  /i)sin0. 

Then  X,  Y,  Z  are  geocentric  rectangular  coordinates,  and  x,  y,  z  are  ellipsoidal 
rectangular  coordinates,  the  origin  being  at  the  center  of  the  reference  ellinsnid. 

In  the  highly  desirable  case  of  a  geocentric  datum  just  considered,  there  holds 
*o  =  y0  =  z()  =  0  and  x  =  X,  y  =  Y,  z  —  Z,  but  for  the  sake  of  generality  we  shall 
admit  also  nonzero  x0,  y0,  z0  in  the  following  discussion. 

The  '^006^0^  axes  XYZ  and  the  "ellipsoidal"  axes  xyz  are  parallel:  the  two 
systems  differ  only  (possibly)  by  a  shift,  but  not  by  a  rotation. 

In  an  obvious  vector  notation  we  may  abbreviate  (4)  as 

X=x«+x.  (6) 

In  the  presence  of  a  rotation  of  the  two  systems  XYZ  and  xyz  with  respect  to  one 
another,  (6)  would  have  to  be  replaced  by 

,¥=^0  +  /^,  (7) 

where_5  's  a  rotation  matrix.  If  the  rotation  is  only  small,  we  may  write 

R  =1  +ofl,  (8) 
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_/  being  the  unit  matrix  and  67?  is  an  "infinitesimal"  rotation  matrix  of  form 


8R  = 


0  e3  -€2" 
-63  0  e, 
£2     -€j        0_ 


(9) 


Again,  for  similar  theoretical  and  practical  reasons  as  for  geocentricity,  the  axes 
xyz  and  XYZ  should  be  parallel  as  accurately  as  possible  (R  =  /);  if,  in  addition,  x0 
=  Yq  —  zo  =  0,  tnen  tne  two  systems  will  coincide. 

In  contrast  to  geocentricity,  the  parallelism  of  coordinate  axes  can  be  realized 
by  geometric  means.  The  so-called  Laplace  equation  has  long  been  known  to 
achieve  this  already  for  classical  triangulation.  The  basic  significance  of  this 
equation  merits  a  separate  discussion,  which  will  be  given  in  the  following  section. 

Because  of  random  and  existing  systematic  errors,  especially  older,  geodetic 
datums  may  not  be  free  from  rotation,  as  well  as  contain  a  datum  shift.  We  may 
then,  from  $,  A,  h  referred  to  this  datum,  compute  x,  y,  z  by  (5)  and  compare  them 
to  geocentric  coordinates  X,  F,  Z  in  the  basic  rectangular  system,  as  obtained, 
e.g.,  by  Doppler  methods.  If  we  write  (7)  for  (at  least)  two  points,  we  get  (at  least) 
six  equations,  which  may  be  solved  for  the  shift  parameters  x{),  y0,  z0  and  the 
rotation  parameters  €ls  e2,  e3. 

To  repeat,  however,  for  a  modern  geodetic  datum  all  these  six  parameters 
should  be  made  zero  as  accurately  as  possible,  e.g.,  to  better  than  10~6. 


The  Role  of  the  Laplace  Equation 

The  lengthy  elementary  discussion  in  this  section  is  intended  to  clarify  some 
points  recently  raised;  the  reader  not  interested  in  these  technical  details  is 
advised  to  pass  on  to  section  5. 

Assume  that  at  a  point  P  on  the  Earth's  surface,  the  astronomical  azimuth  A 
and  the  zenith  distance  f '  to  another  point  Q  has  been  measured.  Both  A  and  £' 
refer  to  the  actual  plumbline  at  P,  since  the  vertical  axis  of  the  theodolite  is  made 
to  coincide  with  this  plumbline.  If,  instead,  the  theodolite  axis  could  be  made  to 
coincide  with  the  normal,  at  P,  to  the  reference  ellipsoid,  then  we  would  measure 
a  "geodetic"  azimuth  a  and  a  "geodetic"  zenith  distance  f.  Astronomical  azimuth 
A  and  astronomical  zenith  distance  £'  are  related  to  their  geodetic  counterparts  by 

A  —  a  —  7?tanc/>  +  (£sina—  rjcosa)  cot£,  (10) 

£'  —  £  =  —  (^cosa+^sincx).  (11) 

An  elementary  derivation  is  bound  in  Heiskanen  and  Moritz  (1967:  186  and  190); 
an  elegant  matrix  derivation  is  given  in  Hotine  (1969:  134). 

Especially  in  first-order  triangulation,  all  lines  of  sight  will  usually  be  almost 
horizontal,  that  is,  £  =  90  °.  Then  (10)  reduces  to 

A  —  a  =  77  tan  </>.  (12) 
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On  using  the  second  equation  of  (3),  this  becomes 

A  -  a  =  (A  -  A)  sincf)  (13) 

or,  briefly, 

A«  =  AA  sin  (/>  .  (14) 

Equation  (13)  or  (14)  is  called  Laplace's  equation,  or  Laplace  condition.  If  it  is 
possible,  at  a  station,  to  observe  astronomically  both  longitude  A  and  azimuths, 
and  if  their  geodetic  counterparts  A  and  a  can  be  found  independently  (by  the 
computation  of  the  triangulation),  then  (13)  forms  a  condition  which  the  four 
quantities /J ,  a,  A,  A  must  satisfy. 

It  is  clear  that,  if  £  cannot  be  put  90°,  then  the  exact  form  of  the  Laplace 
equation,  by  (3)  and  (10),  is 

A -a  =  (A-A)sin$  +  [(<£-<£)  sin  a  -  (A-A)cos$cosa]cot£.  (15) 

All  these  equations  have  been  derived  on  the  basis  of  parallelism  of  the 
ellipsoidal  axes  xyz  and  the  global  axes  XYZ .  Their  use  in  the  computation  of  a 
triangulation  will,  therefore,  serve  to  ensure  the  parallelism  of  these  two  rectangu- 
lar frames. 

To  understand  the  situation,  let  us  briefly  consider,  from  a  geometric  point  of 
view,  how  a  triangulation  is  computed.  To  make  the  geometric  structure  transpar- 
ent, we  presuppose  errorless  measurements. 

Let  us  first  assume,  for  the  sake  of  simplicity,  that  all  stations  of  the 
triangulation  lie  on  the  surface  of  the  reference  ellipsoid  (as  a  second  step,  we 
shall  rid  ourselves  of  this  oversimplification).  However,  the  plumblines  are  not 
taken  to  coincide  with  the  ellipsoidal  normal;  that  is,  deflections  of  the  vertical  £, 
r)  are  admitted.  Distances  (straight  spatial  distances,  i.e.,  chords  between 
ellipsoidal  points)  and  horizontal  angles  are  given  to  the  extent  necessary  to 
determine  the  geometric  configuration  on  the  ellipsoid.  Astronomical  coordinates 
^  and  A  have  been  observed  at  each  station.  At  one  station,  the  initial  point  P0,  an 
astronomical  azimuth  A01  has  been  measured  in  addition  to  <J>o  an(i  V  ForP0,  also 
geocentric  coordinates  X0,  F„,  Z0  are  given. 

The  geodetic  coordinates  </>  and  A  of  the  triangulation  points  (h  is  zero  by  our 
assumption)  can  be  obtained  as  follows.  Let  us  abbreviate  (1),  with  x0  =  0 
(geocentric  datum),  in  the  form 

X  =X((f>,  A,  h). 

For  the  initial  point  P0  this  becomes 

_^o  =X{(})(),  A0,  hQ). 

These  equations  are  solved  for  <f>Q,  A(),  h0;  since  the  initial  point  P0  is  on  the 
ellipsoid,  there  must  be  h0  =  0  with  our  errorless  data. 
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With  the  measured  astronomical  coordinates  <£„  and  A0,  we  can  compute 
deflections  of  the  vertical  at  P0  by  (3): 

f  o  =  ^o  -  <£<»  17 o  =  (A0  -  X0)cos  </>0. 
Then  (10),  which  practically  reduces  to  (12),  gives 

«oi  =^oi  -  Vq  tan^o.  (16) 

determining  the  initial  ellipsoidal  azimuth  a01  from  the  measured  astronomical 
azimuth  A01. 

Horizontal  angles  measured  at  P0  can  also  be  reduced  to  the  ellipsoid: 


7i2  =  yfias  +  (  ^)S'n  «oi  -  fjocos  a0i)  c°t  £01 
-  (  f0  sina02  -  T70  cosa02)cot  £02  , 


(17) 


by  taking  the  difference  of  two  equations  (10).  The  main  term  r)  tan  4>  has  dropped 
out,  so  that  for  nearly  horizontal  lines  of  sight  the  reduction  of  horizontal  angles 
will  be  very  small  and  often  negligible. 

Now  the  azimuths  of  all  directions  P()  P,  ,  P{)  P2  ,  ...  initiating  from  P()  can 
be  computed  (fig.  1): 


(18) 
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where  y^  denote  ellipsoidal  values    y$z. 

By  well-known  ellipsoidal  computation  methods  using  chords  (Molodenskii  et 
al.  1962:  chapter  I,  §  4)  we  can  then  compute  the  geodetic  coordinates  of  the 
triangulation  points  surrounding  P0  (in  the  figure:  Pl9  P2  ,  P3  ,  P4)  and  finally  the 
reverse  azimuths  a10,  a20,  a.,0,  a40  (without  any  additional  azimuth  measurements!). 

The  next  point,  say  f\,  can  be  treated  in  exactly  the  same  way.  The  previous 
ellipsoidal  computations  have  given  01?  kl9  a10;  from  astronomical  observations  we 
know  <£,,  Als  so  that  (3)  gives  fj,  17,.  Then  the  horizontal  angles  measured  in  Pl 
can  be  reduced  to  the  ellipsoid  (if  necessary)  and  we  can  proceed  to  the  points 
surrounding  Pu  and  so  on. 

In  this  way  we  obtain  geodetic  coordinates  0,  X  of  all  stations  and  geodetic 
azimuths  a  of  all  sides. 

The  essential  point  is  that  only  one  astronomically  measured  azimuth  (in  our 
case  A0l)  is  needed  to  completely  fix  the  orientation  of  the  triangulation,  the 
parallelism  of  the  ellipsoidal  and  terrestrial  Z-axis  is  ensured  by  the  choice  of  the 
geodetic  datum. 

What  happens  if  another  astronomical  azimuth,  say  A56,  is  measured?  Since 
^5»  A5,  05,  ^5  are  known  according  to  the  foregoing  considerations,  we  get  f5  and 
-n5  and  can  thus  compute  a56  by  (10).  However,  we  already  know  a56  from  the 
preceding  ellipsoidal  computations.  Thus  the  two  values  for  a56,  one  from 
ellipsoidal  computations  and  one  from  reduction  of  the  measured  A56  to  the 
ellipsoid,  must  coincide.  In  other  terms,  the  Laplace  condition  (14)  must  be 
satisfied 


(AM-aM)  =  (A5  -  A5)sinc£5,  (19) 

a56  being  the  value  from  ellipsoidal  computations  (more  exact  is,  of  course,  (15)). 

If  our  observations  are  errorless,  as  we  have  assumed,  then  this  Laplace 
equation  will  automatically  be  satisfied  because  the  geometric  situation  is  uniquely 
determined. 

If  the  observations  are  affected  by  measuring  errors,  then  the  Laplace 
condition  will  no  longer  be  satisfied,  but  can  be  enforced  by  an  adjustment.  Any 
additional  astronomical  azimuth  measurement  gives  another  Laplace  condition  for 
adjustment.  In  this  way  the  ideal  geometrical  condition  (exact  orientation  and 
parallelism  of  coordinate  axes)  can  be  restored  to  the  best  possible  extent. 

It  is  in  this  sense  that  the  assertion  "the  Laplace  condition  ensures  net 
orientation  and  parallelism  of  axes''  is  to  be  understood:  it  is  a  condition,  not  for 
fixing  the  geometry,  but  for  adjusting  measuring  errors. 

So  far  we  have  assumed  that  the  triangulation  points  lie  on  the  surface  of  the 
ellipsoid.  We  shall  now  free  ourselves  from  this  assumption:  the  points  are  now 
situated  on  the  EarthV  surface.  Therefore,  we  need  additional  information  on  their 
heights.  Two  principal  methods  are  available:  (1)  the  astrogeodetic  method  and  (2) 
three  dimensional  triangulation  using  zenith  distances. 

The  second  method  is  theoretically  more  attractive,  but  suffers  from  practical 
difficulties  with  zenith  distances.  So  the  first  method  is  preferred  in  practice. 

In  the  astrogeodetic  method,  geoid  height  determination  by  astronomic 
levelling,  combined  with  orthometric  heights,  is  used  to  reduce  this  case  to  the 
first  simple  case  of  points  on  the  ellipsoid  by  an  iterative  procedure  (Heiskanen 
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and  Moritz  1967:  197-199).  The  geometrical  situation  with  respect  to  the  Laplace 
equation  remains  essentially  the  same. 

In  three-dimensional  triangulation,  we  may  reduce  the  observations  (azimuths, 
horizontal  angles,  zenith  distances)  to  the  ellipsoidal  normal  and  use  geodetic 
coordinates  {ibid.:  223-224).  In  this  way,  the  situation  is  again  brought  back  to  the 
first  case,  the  Helmert  projections  of  the  triangulation  points  onto  the  ellipsoid 
playing  the  role  of  the  former  points  situated  on  the  ellipsoid.  Again  the  geometric 
situation  with  respect  to  the  Laplace  azimuth  equation  remains  the  same.  One 
astronomical  azimuth  is  needed  to  fix  the  geometric  orientation,  other  azimuths 
help  to  adjust  for  measuring  errors  and  thus  to  produce  a  geometry  that  approaches 
as  well  as  possible  the  ideal  case:  proper  orientation  and  parallelism. 

If,  in  this  case,  more  zenith  distances  are  measured  as  it  is  geometrically 
necessary,  then  the  surplus  measurements  provide  conditions  of  the  form  (11).  In 
this  sense  it  is  understandable  that  the  system  of  the  two  equations  (10)  and  (11) 
has  recently  been  called  "extended  Laplace  equation.,,  However,  such  conditions 
on  zenith  distances  only  help  to  improve  heights;  they  have  practically  no  effect  on 
orientation  and  axes.  Therefore,  the  present  author  prefers  to  reserve  the  name 
"Laplace  equation"  to  the  azimuth  condition. 

It  has  sometimes  been  asked  how  many  Laplace  conditions  are  necessary  to 
determine  the  geometric  orientation  (Hotine  1969:  134).  In  the  author's  opinion, 
this  question  should  not  be  put  in  this  way,  because  it  is  ambiguous:  the  answer 
may  run  from  zero  (if  only  surplus  conditions  are  considered)  to  any  number  (if  the 
reduction  of  any  horizontal  or  vertical  angle  measurement  is  viewed  as  an 
application  of  the  "extended  Laplace  equation"  (10)  and  (11)). 

It  seems  clearer  to  ask  for  the  number  of  measurements  necessary  to  fix  the 
geometry:  4>  and  A  at  each  point,  enough  horizontal  angles,  distances  and  (as  the 
case  may  be)  zenith  distances  to  determine  the  geometrical  configuration,  and  one 
astronomical  azimuth  to  fix  orientation.  A  total  number  of  n  astronomical  azimuths 
(at  n  different  points)  gives  n  —  1  Laplace  conditions,  geometrically  superfluous 
but  practically  of  the  greatest  importance.  The  more  and  the  better  distributed 
these  azimuths  are,  the  better  will  be  the  orientation  of  the  network  and  of  the 
coordinate  axes. 


The  Reference  Ellipsoid 

Contemporary  geodetic  reference  systems  use  an  ellipsoid  of  revolution  as  a 
reference  surface.  Why?  Why  do  we  need  an  ellipsoid  at  all,  and  why  should  we 
not  use  a  surface  defined  by  a  higher  degree  spherical  harmonic  expansion? 

A  reference  system  is,  by  its  very  meaning,  a  simplified  system  to  which  to 
refer  the  real  situation  if  reality  is  too  complicated  for  a  simple  direct  description. 
A  reference  system  should  thus  be  simple.  On  the  other  hand,  it  should  represent 
an  idealized,  simplified  version  of  reality.  It  should  thus  be  reasonably  realistic;  in 
this  way  it  may  even  be  used  to  replace  the  realistic  situation  if  the  accuracy 
requirements  are  low.  It  should  be  comprehensive  in  the  sense  that  it  covers  as 
many  different  relevant  phenomena  as  possible.  Still,  these  requirements  do  not 
determine  uniquely  our  reference  system;  a  certain  amount  of  arbitrariness 
remains,  the  system  will,  to  a  certain  extent,  be  conventional.  Still,  it  should  be 
well  defined. 
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These  features  are  well  illustrated  by  the  case  of  the  reference  ellipsoid.  A 
suitable  ellipsoid  of  revolution  is  the  simplest  geometrical  surface  that  approximates 
well  the  geoid  (to  10~5;  maximum  deviations  are  on  the  order  of  100  m).  If  the 
ellipsoid  is  equipped  with  a  normal  gravity  field  by  postulating  it  to  be  an 
equipotential  surface,  then  this  "level  ellipsoid"  serves  as  a  reference  as  well  for 
the  geometry  of  the  Earth's  surface  as  for  the  terrestrial  gravity  field;  it  thus 
provides  a  comprehensive  geodetic  reference  system.  To  make  the  ellipsoidal 
system  well  defined,  its  center  should  be  placed  at  the  geocenter  and  its  axes 
should  be  oriented  to  agree  with  the  basic  terrestrial  axesXYZ  discussed  in  section 
1.  The  best  fit  of  the  Earth  by  an  ellipsoid  may  be  formulated  in  different  ways,  by 
various  minimum  principles  or  by  identifying  four  ellipsoidal  parameters  with  the 
corresponding  terrestrial  ones  (Heiskanen  and  Moritz  1967:  216-217);  this  intro- 
duces a  certain  amount  of  conventionality,  which  is  heightened  by  the  fact  that  a 
reference  ellipsoid  need  not  even  be  a  best  fitting  ellipsoid.  (See  below.)  On  the 
other  hand,  it  is  gratifying  that  many  different  definitions  of  best  fit  give  practically 
the  same  results. 

Simplicity  is  not  only  a  pleasant  esthetic  feature.  It  helps  the  user,  who  can 
understand  the  ellipsoid  without  having  to  bother  with  the  intricacies  of  physical 
geodesy.  (Simplicity  also  helps  us  theoreticians  to  understand  a  certain  problem: 
how  often  are  we  misled  by  complicated  details  and  reach  understanding  only  by 
the  right  simplification.) 

Evidently,  simplicity  is  not  absolute;  otherwise  we  would  use  the  basic  global 
rectangular  system  XYZ  without  an  ellipsoid.  This  has  been  sometimes  suggested, 
but  what  about  approximation  of  the  Earth  and  what  about  the  surveyor  who  is  to 
use  such  a  system? 

Simplicity  is  important.  This  is  why  an  ellipsoid  of  revolution  will  not  be 
superseded,  as  a  basic  reference,  by  a  three-axial  ellipsoid  or  by  a  level  surface 
defined  by  a  truncated  spherical-harmonic  expansion.  The  advantage  of  these 
surfaces  to  be  slightly  more  "realistic"  is  far  outweighed  by  the  complication 
thereby  introduced. 

There  is  also  a  closely  related  argument.  A  reference  is  as  good  as  its  being 
universally  accepted  and  widely  used.  It  is  feasible  to  get  general  agreement  on  a 
simple  system  involving  few  parameters,  such  as  an  ellipsoid  of  revolution  defined 
geometrically  and  physically  by  four  parameters.  Getting  general  agreement  on  a 
system  defined  by  a  complicated  theory  and  by  25  numerical  parameters  is  one  of 
the  nightmares  haunting  the  sleep  of  the  chairman  of  a  study  group  on  deodetic 
constants. 

This  does  not,  of  course,  preclude  the  additional  use  of  more  complicated 
systems  as  auxiliary  references  for  special  purposes,  for  instance,  a  spherical- 
harmonic  expansion  in  least-squares  collocation. 

Small  irregular  effects  can  often  be  conveniently  handled  by  applying 
corrections  to  the  data.  Thermal  effects  on  measuring  rods  and  atmospheric 
influences  on  electromagnetic  distance  measurements  are  naturally  handled  in 
practice  in  this  way  (rather  than  working  with  a  geometry  that  is  not  Euclidean). 
On  the  same  logical  footing,  though  perhaps  less  obvious,  is  the  consideration  of 
the  atmospheric  influences  on  gravity  measurements  by  suitable  corrections, 
instead  of  burdening  the  reference  ellipsoid  with  an  atmosphere.  Therefore,  in  the 
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Geodetic  Reference  System  1967  a  reference  ellipsoid  without  atmosphere  was 
used  (Levallois  1970),  and  also  future  references  should  use  this  principle. 

Numerical  Values.  The  Geodetic  Reference  System  1967  has  the  following 
four  defining  parameters: 

a  =  6378  160  m, 
GM  =  3.986  03  xl0,4m:<s-2, 
J2  =  0.001  0827, 
co  =  7.292  115  1467xl0"5rad  •  s~\ 

where 

a  =  semimajor  axis, 
GM  =  geocentric  gravitational  constant 

(Newtonian  constant  G  times  mass  M 
of  Earth  including  atmosphere), 
J 2  =  zonal  spherical-harmonic  coefficient 

of  second  degree, 
to  -  angular  velocity  of  the  Earth's  rotation. 

From  these  defining  constants,  other  parameters  can  be  unambiguously  derived, 
for  instance,  the  flattening 


and  equatorial  gravity 


/  =  1/298.247 


y,  =  9.780  318  ms~2 


(rounded  values). 

The  Department  of  Defense  World  Geodetic  System  1972  (Seppelin  1974)  has 

a  =  6378  135  m, 
GM  =  3.986  008xl0,4m:{5-2, 
J2  =  0.001  082  616, 

co  =  as  above, 

/  =  1/298.26, 
y,  =  9. ISO  333  ms2 

At  the  XVth  General  Assembly  in  Grenoble  1975,  the  IUGG  recommended  the 
following  "currently  representative  estimates" 

a  =  (6378  140  ±  5)m, 
GM  =  (3986  005  ±  3)x  10H  m  <  s2, 
J2  =  (108  263  ±  l)xl0-H, 
1//=  (298  257  ±  1.5)xl0-:\ 
y,  =  (978  032  ±  I)xl0-5m5-2, 

co  being  again  the  same  as  in  the  Geodetic  Reference  System  1967  (Moritz  1975). 
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These  last  values  have  been  adopted  by  the  International  Astronomical  Union 
at  its  General  Assembly  in  Grenoble  1976  as  part  of  the  new  System  of 
Astronomical  Constants. 

The  Geodetic  Reference  System  1967  has  not  been  officially  changed  in  1975. 
IAG  plans  to  revise  fundamental  geodetic  constants,  including  Earth  ellipsoid 
parameters,  every  4  years,  adopting  a  list  of  such  values,  currently  considered 
representative,  at  each  General  Assembly.  On  the  other  hand,  a  geodetic  reference 
system  by  no  means  needs  to  incorporate  the  currently  best  values.  In  fact,  if  all  is 
correctly  done,  the  final  results  (spatial  position  of  triangulation  points,  the  geoid, 
etc.)  will  be  independent  of  the  particular  choice  of  the  ellipsoidal  reference  system 
(as  long  as  it  is  within  reasonable  limits),  which  thus  plays  only  an  intermediate 
role  without  having  any  effect  on  the  final  result.  So  the  desire  to  have  a  reference 
ellipsoid  that  fits  the  geoid  as  closely  as  possible  is  motivated  primarily  by 
esthetical  reasons.  Practically  much  more  important  is  long-term  stability;  an 
enormous  amount  of  data  is  based  on  an  adopted  reference  system,  and  such  a 
reference  should  be  changed  as  infrequently  as  possible. 

It  seems,  however,  that  the  next  IUGG  General  Assembly  in  1979  may  be  the 
right  time  to  change  the  Geodetic  Reference  System  1967.  Already  now,  the  basic 
parameters  are  known  to  an  accuracy  determining  the  ellipsoid  to  10"6  or  better. 
The  values  currently  (1978)  considered  best  differ  very  little  from  the  1975  values 
(but  greatly  from  the  1967  parameters)  IAU  has  adopted  a  new  System  of 
Astronomical  Constants,  and  the  new  adjustment  of  the  triangulation  of  a  whole 
continent  may  give  practical  stability  and  long  life  to  a  new  IAG  reference  system, 
provided  it  is  used  here  and  by  other  countries. 
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Discussion 

Ashkenazi:  Do  you  advocate  the  adoption  of  a  geocentric  coordinate  system  tor  all  geodetic  work,  i.e., 
even  for  small  countries  where  the  geocentric  system  may  not  be  the  most  convenient  from  an 
approximation  point  of  view? 

Moritz:  Yes. 

Bossier:  Would  you  care  to  enumerate  the*  disadvantages  of  a  local  system? 
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Moritz:  Essentially,  it  is  a  question  of  whether  or  not  we  should  use  a  global  or  local  datum.  A  global 
datum  ("World  Geodetic  System")  corresponds  to  taking  semi-major  axis  a  and  flattening/  from  a 
globally  best  fitting  ellipsoid  and  using  zero  shift  components  (jc0  =  y0  =  z0  =  0),  that  is,  a  geocentric 
datum. 

By  taking  somewhat  different  values  of  a  and  /and  nonzero  shift  components,  one  could  obtain  a 
slightly  better  local  fit  of  some  geoidal  region  by  an  ellipsoid.  Why,  then,  use  a  global  datum? 

Let  me  try  to  make  this  clear  by  an  analogy.  For  a  local  survey  of  a  city,  considered  by  itself,  a 
local  coordinate  system  xy  has  definite  advantages:  less  distortion,  a  convenient  choice  of  coordinate 
axes  and  origin,  and  no  efforts  needed  to  relate  to  a  national  triangulation.  Still,  a  regional  or  national 
system  is  considered  to  be  much  better:  uniformity,  compatibility  of  local  surveys  and  maps,  no  problem 
of  transition  between  different  systems,  and  the  like.  These  larger  advantages  far  outweigh  the 
immediate  advantages  of  local  systems. 

We  have  a  similar  situation  in  global  geodesy.  A  uniform  global  reference  system  for  all  countries 
will  permit  immediate  compatibility  of  coordinates,  charts,  and  so  on.  A  new  adjustment  of  a  continent 
must  be  seen  in  such  a  larger  perspective. 

If  one  wished  to  use  a  nongeocentric  system  to  get  a  better  fit,  then  it  would  be  only  logical  also  to 
employ  locally  best  fitting  values  of  a  and/.  Again,  if  the  NAD  were  a  local  datum,  then  there  is  no 
reason  for  other  countries  not  to  use  individual  local  systems  which  are  best  fitting  for  them.  Thus,  we 
would  be  back  to  the  old  patchwork  of  local  systems,  and  a  great  chance  for  modern  geodesy  would  be 
lost. 

Chovitz:  The  1967  system  adopted  by  the  International  Association  of  Geodesy  is  almost  certainly  going 
to  be  changed  in  1979  just  as  the  International  Astronomic  Union  did  in  1976. 
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Abstract:  First  the  guidelines  for  task  and  activities  of  Commission  X 
are  presented.  Then  some  remarks  on  the  scientific  goals  and  their 
realization — transformation  of  datum  coordinates  into  a  uniform  system  of 
geocentric  coordinate  system  as  part  of  the  Geodetic  World  System — are 
given.  A  short  survey  about  the  state  of  work  in  some  of  the  subcommis- 
sions  follows:  Especially  the  work,  problems,  and  plans  of  the  RETrig 
Subcommission  are  considered,  which  may  serve  as  a  model  and  a 
standard  for  the  establishment  of  continental  networks. 


I. 

1  have  the  honour  and  the  pleasure  to  speak  to  you  on  the  part  of  the  IAG 
Commission  X  for  Continental  Networks.  I  was  very  pleased  with  the  invitation  to 
this  symposium.  For  the  first  time  I  have  the  opportunity  overseas  to  say  a  few 
words  about  the  task  and  the  work  of  the  IAG  Commission  X  and  about  the 
collaboration  within  the  various  subcommissions. 

Certainly  the  redefinition  of  the  North  American  networks  is  a  historical 
event,  not  only  for  Geodesy  because  of  the  outstanding  verification  of  the  idea  of 
international  collaboration,  but  also  for  the  citizens  of  this  continent  because  of 
both  the  scientific  and  practical  importance  of  this  geodetic  network. 

As  yet  I  only  have  a  little  more  general  information  (Bossier  1976;  Moose  and 
Henriksen  1976)  about  the  state  of  your  work;  therefore,  I  am  very  much  interested 
to  learn  more  about  your  results  and  plans  for  the  future. 


II. 

The  IAG  Commission  X  for  Continental  Networks  was  established  on  the 
occasion  of  the  IAG  General  Assembly  at  Grenoble  in  1975  according  to  a  proposal 
by  Charles  A.  Whitten,  the  former  president  of  IAG.  The  establishment  of  this 
Commission  X  did  not  at  all  imply  to  influence  or  to  rule  the  work  of  the  existing 
subcommissions.  This  has  been  clearly  expressed  by  the  guidelines  settled  on  the 
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basis  of  long  discussions  on  the  task  and  activities  of  the  commission  and  approved 
by  IAG  Executive  Committee  at  its  meeting  on  February  26  and  27,  1976  (annex  1). 
This  might  clear  up  that  the  exchange  of  experiences  among  the  subcommis- 
sions,  and  also  some  aid  in  preparation  and  coordination  of  new  projects  in  less 
developed  countries  in  the  world,  are  predominant.  I  should  mention  here  that  the 
work  of  Commission  X  is  problematic  in  many  respects.  For  instance  I  could  not 
yet  obtain  contacts  to  all  subcommissions.  We  had  planned  a  first  working  session 
in  the  past  year;  however,  it  had  to  be  postponed  because  of  financial  reasons:  the 
long  distances  are  too  costly.  Thus  we,  the  secretary  of  the  commission,  Capt. 
Bossier,  and  myself,  are  trying  urgently,  in  agreement  with  the  IAG  presidency,  to 
contact  personally  all  subcommissions,  if  possible,  before  the  next  IAG  General 
Assembly. 


III. 

Following  up  this  general  information  about  Commission  X  it  is  necessary  to 
add  some  remarks  on  the  scientific  goals  and  their  realization.  I  think  the 
Establishment  of  a  Geodetic  World  Reference  System  will  be  one  of  the  main 
problems  in  geodesy  for  the  coming  years.  According  to  a  modern  conception  a 
Geodetic  World  Datum  should  fulfill  the  following  conditions: 

1.  A  uniform,  if  possible  geocentric  system  of  spatial  Cartesian  coordinates 
fixed  by  a  sufficient  number  of  selected  stations; 

2.  A  consistent  system  of  parameters  for  the  gravity  field  model  of  the  Earth; 

3.  The  parameters  of  the  mean  Earth  ellipsoid;  and 

4.  Parameters  for  the  transformation  of  datum  coordinates  into  the  above- 
mentioned  uniform  coordinate  system. 

The  last  problem  can  be  solved  only  by  the  establishment  of  homogeneous 
geodetic  networks  and  the  determination  of  geocentric  coordinates  by  methods  of 
satellite  geodesy.  However,  many  questions  arise  here,  especially  the  one,  which 
of  the  available  stations  or  coordinates  should  be  used  for  the  establishment  of  a 
uniform  geocentric  coordinate  system?  The  geocentric  station  coordinates  derived 
for  standard  Earth  models  are  not  really  qualified,  because,  on  the  one  hand,  the 
stations  are  not  sufficiently  distributed  for  the  reliable  determination  of  transfor- 
mation parameters,  and,  on  the  other  hand,  the  accuracy  of  the  geocentric 
coordinates  determined  together  with  parameters  of  the  gravity  field  is  not 
satisfactory.  However,  the  coordinates  from  Doppler  measurements  for  special 
selected  stations  seem  to  be  much  better  qualified.  Therefore,  Doppler  observa- 
tions, as  carried  out  in  many  parts  of  the  world,  are  highly  desirable  from  the  part 
of  this  Commission  X.  Such  solutions,  however,  can  signify  not  more  than  a  first 
approximation  convenient  for  practical  problems,  for  instance  for  navigation,  for 
the  definition  of  borders  in  maritime  areas,  for  positioning  in  the  scope  of 
prospecting  tasks,  and  so  on.  For  a  scientifically  satisfactory  solution  it  will  be 
necessary  to  project  different  solutions,  for  instance,  the  determination  of  improved 
geocentric  station  coordinates  on  the  basis  of  precise  laser  observations  (e.g.,  the 
EROS-project  in  Europe). 
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IV. 

This  is  to  add  some  remarks  on  the  relations  between  the  various  subcommis- 
sions  and  this  Commission  X.  It  was  really  difficult  to  start  with  joining  the 
contacts,  and  up  to  now  we  have  not  yet  reached  this  aim. 

Let  me  now  try  to  give  you  a  short  survey  about  the  state  of  work  in  some  of 
the  subcommissions,  starting  with  the  Subcommission  for  the  "European  Triangu- 
lation.,,  This  RETrig  Commission  (RETrig:  Reseau  European  Trigonometrique)  had 
arranged  its  last  symposium  at  Brussels  in  1977.  On  this  occasion  the  set  of 
coordinates  derived  by  the  RETrig-1977  adjustment  was  denoted  as  "European 
Datum  1977  (ED  77)."  No  details  will  be  given  here  (see  Kobold  1975;  Publications 
Commission  pour  la  Nouvelle  Compensation  d'Ensemble  des  Triangulations 
Europeennes  (RETrig));  only  the  principal  results  and  the  future  plans  will  be 
shortly  mentioned. 

The  commission  was  founded  in  1954  with  the  aim  to  determine  two- 
dimensional  coordinates  in  a  single  primary  network,  based  on  scientific  require- 
ments. 

Figure  1  displays  the  participating  European  nations.  Although  some  East 
European  countries  are  members  of  the  Commission,  at  present  we  are  dealing 
only  with  a  West  European  network.  The  changes  in  position  between  ED  50  and 
ED  77  are  shown  for  some  points  in  figure  1. 

The  project  is  divided  into  three  phases.  With  phase  I  the  observed  angles, 
directions,  and  distances  with  common  scaling  factor  were  adjusted  (completed  in 
1974).  With  phase  II  Laplace-azimuths  and  distances,  observed  by  Geodimeter  and 
Tellurometer  MRA  4,  were  included  (Kube  1977).  With  phase  III  the  adjustment 
will  be  repeated  with  respect  to  all  scientific  requirements  and  possibly  using 
results  of  satellite  geodesy  in  a  combined  solution  (satellite  triangulation  networks, 
Doppler  results,  etc.). 

ED  77  is  the  first  solution  of  phase  II  and  can  be  characterized  as  follows: 

•  The  International  Ellipsoid  is  the  reference  surface, 

•  The  fixpoint  is  Munich  by  adopting  its  ED  50  coordinates, 

•  The  angles,  directions,  and  distances  are  reduced  by  using  deflections  of 
the  vertical  (referred  to  ED  50)  and  geoidal  heights  (Bomford-Geoid  and 
IGN-Geoid  (partly)),  and 

•  The  relative  orientation  to  tne  L.lU-pole  is  made  by  using  Laplace-azimuths. 

The  adjustment  was  carried  out  by  the  method  of  observation  equations; 
according  to  former  conventions  the  network  is  split  up  into  national  blocks:  Each 
country  solves  its  own  normal  equations  up  to  the  boundary  unknowns.  The 
complete  solution  was  derived  by  the  computing  center  (DGFI,  Abt.  I,  Munchen) 
by  combining  the  reduced  normal  equations  according  to  the  addition  theorem 
(Helmert)  for  reduced  normal  equations. 

The  final  calculation  of  phase  II  will  be  presented  to  the  1979  meeting  in 
Madrid.  It  is  hoped  to  use  for  this  step  also  the  complete  French  data  and  to  have 
improved  deflections  of  the  vertical  for  some  regions  of  the  Alps. 

Sometimes  there  was  a  criticism  that  the  work  of  the  RETrig  Commission  had 
lasted  too  long.  Frankly  speaking,  I  have  never  understood  these  comments, 
because  the  task  was  not  to  establish  a  network  for  practical  purposes,  but  to 
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FIGURE  1. — Countries  participating  in  Subcom mission  for  European  Triangulation,  as  of  1977. 
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create  a  modern  network  satisfying  all  scientific  requirements.  Therefore,  it  was 
permanently  necessary  to  execute  supplementary  measurements  in  order  to  control 
scale  and  orientation  and  to  develop  algorithms  for  the  evaluation  and  adjustment 
of  the  observations. 

Further  to  consider,  during  the  decades,  was  all  the  important  progress  in 
science  and  techniques,  such  as  the  development  of  the  computers,  the  introduc- 
tions of  electromagnetic  distance  measurement,  the  discussion  of  totally  new  ideas 
and  methods  by  satellite  geodesy,  and  so  on. 

Moreover,  RETrig  had  to  overcome  problems  that  are  unknown  here  in  your 
North  American  continent:  the  problems  of  different  languages,  and  then  the 
problem  of  different  systems  of  geodesy  and  surveying.  This  implied  great  activities 
concerning  organization,  political  diplomacy,  translation,  and  cultural  sensibility. 
All  these  items  need  more  time  and  efforts  than  you  can  imagine  here. 

This  is  therefore  to  state  that  all  these  problems  will  become  valid  for  this 
Commission  X.  Thus  RETrig  may  serve  as  a  model  and  standard  for  our  aims,  the 
establishment  of  continental  networks. 

I  think  it  is  of  interest  to  say  a  few  words  about  the  future  plans  of  RETrig.  In 
order  to  obtain  a  geodetic  datum  in  a  strict  scientific  sense  it  will  be  necessary  to 
do  some  more  theoretical  and  practical  work:  Statistical  tests  and  improvement  of 
the  stochastic  model,  revision  of  the  astronomical  longitudes,  re-reduction  of  angles 
and  distances  using  updated  deflections  of  the  vertical  and  improved  geoidal 
heights,  and  to  compare  with  satellite  data  and  studies  for  a  possibly  combined 
solution.  Interesting  propositions  have  already  been  made  (Ashkenazi  1977; 
USSISSO  1973;  Wolf  1975,  1977). 

As  a  first  step  with  respect  to  the  above-mentioned  geodetic  world  system  it 
was  decided  to  use  the  results  of  the  European  Doppler  Observation  Campaign 
(EDOC  II)  for  the  determination  of  three-dimensional  coordinates  for  all  RETrig 
stations.  The  distribution  of  the  observed  stations  is  shown  in  figure  2.  Another 
problem  is  becoming  obvious:  For  this  transformation  three-dimensional  datum- 
coordinates  are  needed,  that  means  a  uniform  system  of  orthometric  heights  and 
geoidal  heights  must  be  determined  for  all  stations  in  question. 

The  principle  of  the  transformation  of  datum  coordinates  x,  y,  z  into  a  global 
coordinate  system,  using  a  set  of  geocentric  coordinates^,  F,  Z,  determined  e.g., 
from  Doppler  observations,  is  very  simple.  Without  rotations  the  transformation 
formula  is 


r  +  AM 


or 


r*,~ 

~*J 

"AZ" 

Y„ 
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y» 

+ 

AF 

kJ 

J,>- 

^z 

resp. 


were  AM  =  (A  A\  A  F,  A  Z)T  is  a  translation  vector,  namely  the  geocentric  position 
of  the  centre  of  the  reference  ellipsoid. 
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FIGURE  2. — Location  oi  observation  stations,  EDOC1,  EDOC11,  and  EROS. 


The  practical  realization  is  a  little  more  difficult:  the  datum  coordinates  must 
be  derived  from  the  geodetic  coordinates  B,L,H  according  to  the  well-known 
formula 


(TV  +  H)cosB  cos  L 
(N  +  H)cosB  sinL 

(N     —  +  H)s\nB 


B,  L  -  geodetic  latitude  and  longitude  resp. 
H  =  H  +  h  =  ellipsoidal  height, 
H  =  orthometric  height, 
h  =  geoidal  height, 
/V  =  east-west  radius  of  curvature. 
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Evidently  it  is  necessary  to  have  a  uniform  system  of  orthometric  heights  and 
geoidal  heights  for  the  whole  area.  Hence  it  can  be  seen  that  the  Subcommission 
for  the  European  Levelling  and  the  Special  Study  Group  for  the  European  Geoid 
must  be  involved  also. 

The  same  problems  arise,  if  satellite  data  are  to  be  used  for  controls  of 
orientation  and  scale  in  terrestrial  networks  or  if  a  complete  combination  of 
satellite  solutions  and  geodetic  networks  is  intended:  In  both  cases  it  is  necessary 
to  transform  geodetic  coordinates  into  datum  coordinates  or  vice  versa. 

First  comparisons  of  ED  77  and  results  from  satellite  geodesy  have  been 
carried  out.  Here  is  one  interesting  result:  In  table  1  the  values  of  the  azimuth 
Hohenpeissenberg-Troms0  for  ED  77  and  four  different  satellite  solutions  are 
given. 

There  is  a  very  good  agreement  between  the  four  different  satellite  solutions, 
whereas  the  ED  77  network  appears  to  be  rotated,  possibly  because  of  systematic 
errors  in  the  astronomical  observed  longitudes.  Therefore,  the  RETrig  Commission 
has  recommended  a  revision  of  the  observations  in  order  to  establish  a  uniform 
astronomical  reference  system  (sigl  1975).  Moreover,  some  additional  orientation 
controls  by  stellar  triangulation  will  be  made  in  the  near  future. 

Also  the  Western  European  Satellite  Triangulation  (WEST)  should  be  men- 
tioned here,  because  of  the  different  proposals  to  combine  the  results  with  the 
terrestrial  network.  The  distribution  of  the  participating  stations  is  shown  in  figure 
3. 

The  observations  were  carried  out  from  1966  to  1972.  Some  details:  3,650 
photographic  plates  were  produced  by  57  observation  groups  on  44  stations  in  17 
countries  to  the  four  satellites  Echo  I,  Echo  II,  Pageos,  and  Explorer. 

The  network — 280,000  directions  have  been  determined  from  2,604  simulta- 
neously observed  plates — was  computed  as  a  direction-net  and  scaled  by  two 
traverses  with  a  total  length  of  about  6,000  km.  The  accuracy  of  the  adjusted 
geographic  coordinates  and  heights  can  be  evaluated  by  the  figures  in  table  2.  For 
about  20  stations  the  standard  errors  cr<p,  crK  and  cr,,  amount  between  ±  2  and  6  M. 
The  final  report  on  WEST  is  in  preparation. 

The  results  of  EDOC  II  and  WEST  pose  once  more  the  question  of  a 
computational  connection  of  RETrig  with  satellite  results. 

In  general  there  are  several  possibilities:  (1)  A  loose  connection  of  the  two 
systems  by  minimizing  the  discrepancies  in  the  spatial  coordinates  of  the  different 

Table  1. — Azimuth  H ohenpeissenberg-Tromsj 

1.  ED  77  (RETrig-Computing  Centre  Munich,  DGF1,  Abt.  1)  7°  17'  49','0  ±  O.'l 

2.  US  Naval   Weapons,   Laboratory,   station  coordinates,   Doppler  Solution  7°  17'  49','8  ±  0','2 
(Anderle  1974) 

3.  US  National  Ocean  Survey  Geometrical  Satellite  Triangulation  (Schmid  1974)  49"9  ±  0','2 

4.  West   European   Satellite  Triangulation   (WEST)   1977,   Computing  Centre,  49','9  ±  0','3 
Munich  (Ehrnsperger  1975) 

5.  Derivation  from  simultaneous  optical  directions  to  satellites  (DGF1  Munich;  50"0  ±  0"3 
Kaniuth  and  Zernecke  1977) 

Mean  value  of  satellite  observation  7°  17'  49''9 
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FIGURE  3.  —  WEST-Stations  submitting  data  for  the  computation. 
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systems  without  changing  their  shapes.  (2)  Using  some  constraints  from  satellite 
results  for  improving  the  terrestrial  net  (or  vice  versa).  As  a  first  step  it  is  intended 
to  include  more  satellite  observation  stations  and  to  strengthen  the  connection 
between  Great  Britain  and  Norway  by  using  distances  derived  from  Doppler  station 
coordinates.  (3)  A  complete  rigorous  fusion  of  both  systems. 

Preceding  a  decision  on  these  different  solutions  some  studies  are  necessary, 
especially  for  the  rigorous  fusion,  which  shows  not  only  advantages,  but  also 
disadvantages  (USSISSO  1973;  Wolf  1977). 

Finally  a  hint  to  a  political  problem.  As  already  mentioned,  at  present  RETrig 
consists  only  of  the  West  European  triangulations;  it  would  be  highly  desirable  to 
include  also  the  East  European  triangulations.  For  the  near  future  a  very  important 
improvement  of  the  configuration  could  be  reached  by  including  the  network  of 
Yugoslavia.  After  this  also  a  connection  to  the  triangulation  of  Greece  and  Turkey 
would  be  possible.  However,  the  real  aim  would  be  to  include  all  of  Europe. 

Let  me  also  briefly  mention  the  Subcommission  for  Australia,  Indonesia,  New 
Zealand,  and  Oceania.*  From  the  very  beginning  an  excellent  cooperation  and 
exchange  of  informations  with  President  Bomford  took  place.  A  meeting  of  the 
commission  was  held  in  Bandung  in  October  1977  following  the  Symposium  on 
Regional  Geodetic  Networks  for  the  Year  2000.  Unfortunately  the  announced  time 
for  their  meeting  was  changed  shortly  and  so  no  representatives  of  Commission  X 
could  take  part. 

Corresponding  to  the  report  given  by  the  president  (Bomford  and  Rais  1977) 
the  principal  task  of  the  commission  will  be  the  arrangement  of  Doppler  satellite 
observations  and  "ensuring  that  the  observations,  computations,  station  marking, 
and  documentation  were  good  enough  not  only  to  provide  mapping  control  for 
immediate  use,  but  to  provide  coordinates  on  a  world  datum,  accurate  enough  to 
last  for  50  years."  Also,  some  problems  have  been  shown  clearly:  Since  the  smaller 
nations  in  the  area  would  not  be  able  to  afford  their  own  Doppler  receivers  or  to 
afford  their  own  computation  facilities,  one  of  the  main  works  of  the  subcommission 
would  be  to  try  and  make  arrangements  to  help  the  smaller  countries.  Another 
problem:  In  order  to  unify  the  geodetic  systems  in  Southeast  Asia  and  the  Pacific 
by  Doppler  methods,  the  coordinates  of  some  junction  points  should  be  determined 
on  world  datum,  that  means,  precise  ephemeris  should  be  used.  It  is  hoped  that 
the  precise  ephemeris  can  be  made  available  for  these  purposes. 

The  subcommission  for  South  America  never  answered  our  letters  in  the  past. 
But  some  papers  show  that  there  are  also  great  activities:  V.  Ashkenazi  (1977) 
reviewed  critically  the  current  South  American  Datum  of  1969  (SAD  69)  and  its 
associated  Continental  Network  and  prepared  a  detailed  proposal  for  a  new 
adjustment,  based  on  a  network  with  terrestrial  observations  and  Satellite-Doppler 
derived  data. 


V. 

The   short   remarks   about   the   state   of  work   and   future   plans   of  some 
subcommissions   show   that   in   the   future   satellite   geodesy,    especially   Doppler 


*The  subcommission  recommends  to  the  IAG  that  the  name  be  changed  to  "Southeast  Asia  and  the 
Pacific." 
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observations,  will  be  used  not  only  for  positioning  of  geodetic  control  points,  but 
also  for  strengthening  and  controlling  classical  networks.  One  of  the  principal  tasks 
will  be  to  organize  observation  campaigns  and  to  develop  functional  and  stochastic 
models  for  combining  terrestrial  and  satellite  data.  Since  Commission  X  has  no 
possibilities  for  material  support,  and  because  of  the  different  situation  in  the 
various  parts  of  the  world,  for  the  present  we  can  give  nothing  but  general 
recommendations;  the  detailed  work  must  be  done  by  the  subcommissions. 

I  state  that  this  Commission  X  has  made  not  more  than  first  steps.  We  have 
now  an  urgent  need  for  some  meetings.  Therefore,  there  should  be  planned  not 
only  a  session  on  the  occasion  of  IUGG  General  Assembly  at  Canberra,  but 
furthermore  a  symposium.  This  could  be  arranged  on  the  occasion  of  the  "6th 
Symposium  on  Geodetic  Computations''  (Special  study  groups  1.21,  4.14,  4.35, 
4.38,  and  4.45),  which  will  take  place  probably  in  spring  1981  at  Munich. 

The  satellite  methods  have  changed  the  function  of  terrestrial  networks  as  far 
as  the  global  figure  and  shape  of  the  Earth  are  concerned.  For  many  other 
scientific  aspects,  for  instance  the  detailed  astrogravimetric  determination  of  the 
geoid,  and  especially  for  many  practical  purposes  as  cartography,  navigation,  and 
so  on,  homogeneous  fundamental  networks  have  gained  a  higher  importance  than 
they  ever  had. 
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Discussion 

Schwarz:  Does  any  country  in  Europe  plan  to  implement  the  new  European  datum  as  determined  from 
the  RETrig  project? 

Sigl:  To  my  knowledge  the  results  of  the  unified  European  adjustment  will  not  be  adopted  for  practical 
purposes  by  any  European  country. 

Lachapelle:  Does  the  IAG  intend  to  create  a  commission  or  subcommission  dealing  specifically  with 
vertical  networks  in  North  America? 

Sigl:  IAG  Commission  X  is  commissioned  to  deai  with  the  three-dimensional  approach  to  geodetic 
networks,  and  presumably  this  covers  even  vertical  networks. 


ANNEX  1 

Commission  X/1AG 

1.  General  guidelines  for  task,  activities,  membership,  and  meetings  of  the 
Commission  for  Continental  Networks  (accepted  by  the  executive  committee/IAG 
on  February  26  and  27,  1976) 

A.  Task 

1.  Promotion  of  scientific  and  practical  activities  for  the  establishments  of 
uniform  systems  of  geodetic  control  points  (fundamental  geodetic  networks). 

2.  Issue  of  recommendations  for  the  establishment  of  a  uniform  model  system 
of  fundamental  points  for  worldwide  geodetic  and  geophysical  operations. 

B.  Activities 

1.  To  bring  about  a  close  and  permanent  association  between  national  geodetic 
control  survey  agencies  and  other  interested  organizations. 

2.  To  submit  requests  to  the  appropriate  national  agencies  to  provide 
assistance  to  member  countries  in  making  measurements  required  for  strengthen- 
ing the  continental  networks  and  achieving  a  worldwide  reference  system, 

3.  To  recommend  standard  procedures  for  the  analysis  and  reduction  of 
observational  data  to  ensure  the  compatibility  of  geodetic  control  between  national 
networks  and  continents,  and  to  assist,  with  scientific  advice,  in  the  adoption  of 
such  procedures. 

4.  To  provide  the  necessary  coordination,  guidance,  and  assistance  to  the 
subcommissions  leading  to  a  uniform,  worldwide  reference  system,  particularly 
through  the  use  of  spatial  techniques  for  connecting  the  various  regions  of  the 
world. 

5.  To  make  available,  through  appropriate  publications,  the  reports,  plans, 
and  activities  of  the  commission  and  the  subcommissions,  scientific  papers 
describing  the  various  techniques  to  be  utilized,  and  the  results  obtained  from 
pertinent  data  related  to  the  ultimate  goal. 


Remarks  on  the  Task  of  Commission  X/IAG  89 

6.  To  contact  all  IAG  member  countries  and  organisations  that  are  not 
mentioned  in  C,  in  order  to  achieve  a  worldwide  geodetic  system  as  far  extended 
as  possible. 

C.  Membership 

Commission  X:  Continental  Networks.  President:  Sigl  (Germany);  Secretary: 
Bossier  (U.S.A.).  Subcommissions  or  working  groups  for  continents  or  regions  with 
groupings  dependent  previous  commissions  or  mutual  international  programs. 

Up  to  date: 

SUBCOMMISSION  FOR  EUROPEAN  TRIANGULATION 

President:  Kobold  (Switzerland);  Secretary:  Deutsches  Geodatisches 
Forschungsinstitut  Abt.I,  Miinchen;  Vice-President:  Messerschmidt  (Germany). 

SUBCOMMISSION  FOR  EUROPEAN  LEVELLING 

President:  Waalewijn  (Netherlands);  Secretary:  Garot  (Belgium);  Vice-Presi- 
dent: Gubler  (Switzerland). 

SUBCOMMISSION  FOR  NORTH  AMERICA 

President:  Bossier  (U.S.A.);  Secretary:  O'Brien  (Canada). 
SUBCOMMISSION  FOR  SOUTH  AMERICA 

President:  Ferrari  (Brazil);  Secretary:  Mutis  (Chile). 

SUBCOMMISSION  FOR  AUSTRALIA,  INDONESIA,  NEW  ZEALAND,  AND 
OCEANIA 

President:  Bomford  (Australia);  Secretary:  Rais  (Indonesia). 

On  questions  related  with  the  continent  of  Africa  this  commission  should 
cooperate  with  Commission  XI. 

Each  member  country  of  IAG  is  invited  to  designate  representative(s)  to 
subcommissions  or  working  groups  with  the  understanding  that  membership  in  a 
continental  or  regional  group  implies  membership  in  the  total  worldwide  commis- 
sion. A  member  country  may  have  representation  in  the  overall  commission 
without  any  indicated  participation  in  a  continental  or  regional  group.  In  addition, 
all  other  countries,  not  members  of  IUGG,  are  invited  to  designate  correspondents 
in  the  same  way. 

D.  Procedures  and  meetings 

1.  The  Commission,  as  a  whole,  would  oversee  the  various  activities  of  the 
subcommissions  to  ensure  uniformity  and  the  high  standards  essential  for  a 
worldwide  system.  The  full  commission  should  meet  at  the  time  of  general  or 
scientific  assemblies. 

2.  Each  subcommission  would  be  encouraged  to  develop  its  own  method  of 
operation  within  its  region  of  interest,  but  is  strongly  urged  to  seek  the  assistance 
of  this  commission  for  establishing  the  connecting  control  between  continents. 

The   subcommission  should  meet  whenever  convenient,  such  as  at  annual 
meetings  of  geodetic  societies  in  member  countries  of  the  subcommission. 

3.  Each  subcommission  is  requested  to  make  all  relevant  publications, 
including  older  ones,  available  to  this  commission. 


DEFLECTION  COMPUTATIONS  FOR  NETWORK 
ADJUSTMENT  IN  THE  UNITED  STATES 


Charles  R.  Schwarz 

National  Geodetic  Survey 

National  Ocean  Survey,  NOAA 

Rockville,  MD  20852 


Abstract:  In  the  new  adjustment  of  the  U.S.  portion  of  the  North 
American  Datum,  the  National  Geodetic  Survey  (NGS)  plans  to  correct  all 
horizontal  angles  for  the  effect  of  deflection  of  the  vertical.  Gravimetric 
deflections  will  be  computed  for  each  of  the  approximately  160,000 
occupied  points  in  the  network.  The  data  base  for  these  computations 
consists  of  about  1  million  point  gravity  anomalies  in  the  United  States 
and  offshore,  about  14  million  point  elevation  values,  and  almost  5,000 
existing  astronomic-geodetic  deflections.  The  classical  Vening-Meinesz 
equation  has  been  selected  as  being  consistent  both  with  the  accuracy 
goal  of  1"  (second  of  arc)  and  with  the  finite  computer  resources  available. 
In  addition  to  selection  of  the  mathematical  model,  it  was  necessary  to 
design  a  variety  of  data  bases  and  to  define  the  amount  of  data  to  be 
processed  as  a  project.  After  organizing  the  data  for  large-scale  computa- 
tions, the  computer  time  required  to  compute  a  single  deflection  was  held 
to  2.5  seconds. 

Introduction 

The  computation  of  the  deflections  of  the  vertical  for  network  adjustments 
differs  from  other  applications  simply  because  there  are  a  great  many  deflections 
to  be  computed.  The  scale  of  the  computational  work  to  be  done  dictates  that  the 
mathematical  formulae  must  be  chosen  with  careful  attention  to  efficiency. 
Furthermore,  it  is  necessary  to  plan  the  organization  of  the  data,  the  method  by 
which  they  are  stored,  updated,  and  accessed,  and  the  quantity  to  be  processed  at 
one  time.  Certain  decisions  have  been  reached  concerning  the  computations  of 
deflections  of  the  vertical  in  the  United  States  for  the  purpose  of  the  NAD  new 
adjustment.  This  paper  describes  the  rationale  for  some  of  them. 

Decisions 

The  first  decision  was  that  the  deflection  of  the  vertical  should  be  taken  into 
account  at  all  occupied  points.  About  180,000  to  200,000  points  will  participate  in 
the  U.S.  portion  of  the  new  adjustment  of  the  North  American  Datum;  of  these 
about    130,000  to   140,000  are   occupied.    About   60,000  of  these   are   part   of 
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triangulation  chains  or  area  work  of  first-  or  second-order,  and  are  thus  considered 
primary  stations. 

Our  goal  is  to  reach  an  accuracy  of  1"  to  2"  at  all  occupied  points.  Within  the 
United  States,  astronomic  positions  are  directly  measured  at  all  stations  where 
there  is  an  actual  or  potential  line  of  sight  with  vertical  angles  of  7°  or  greater. 
Thus  deflections  will  be  predicted  only  for  lines  with  vertical  angles  less  than  7°. 
Propagating  an  error  of  2"  into  the  correction  to  horizontal  directions  for  deflection 
of  the  vertical 


Aa  =  (f  sin  A  -  r)  cos  A)  tan  /3 

and  assuming  ft  =  7°,  we  see  that  the  maximum  propagated  error  in  a  horizontal 
direction  is  0'.'25.  This  is  well  below  the  accidental  error  component  of  first-order 
directions. 

Computing  the  deflections  at  all  occupied  points  will  not  only  serve  the  NAD 
new  adjustment,  but  will  also  enable  NGS  to  make  deflection  values  available  as 
part  of  the  published  data  at  each  station.  The  accuracy  of  deflections  should 
support  most  anticipated  applications. 

Very  early  in  the  process  we  decided  that  the  deflection  predictions  will  use 
five  data  bases.  The  first  three  are  collected  and  organized  sets  of  mostly  existing 
data.  The  last  two  data  bases  are  computed  from  the  first  three. 

The  first  data  base  contains  point  gravity  data,  which  are  abundant  in  most 
areas  of  the  United  States.  Figure  1  shows  our  major  sources  of  gravity  data.  To 
these  major  sources  we  are  adding  the  results  of  NGS  gravity  surveys  and  a  variety 
of  other  sources. 

Our  objective  has  been  to  achieve  a  density  distribution  of  at  least  one  point 
for  every  5'  (minutes  of  arc)  square.  We  already  have  this  density  in  most  regions, 
and  expect  to  complete  the  data  base  without  performing  any  surveys  exclusively 
for  this  purpose. 

Data  Sources 

DMAAC  350,000        U.S.  Land 

NGSDC  (DOD)  260,000         Offshore 

Dept.  Energy  Mines  Resources  280,000           Canada 

Brown  Research  Co.  37,000  Southern  U.S. 

University  of  Georgia  3,000          Georgia 

Figure  1. — Sources,  amounts,  and  coverage  of  point  gravity  anomaly  data  base. 
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The  second  data  base  is  a  set  of  about  14  million  topographic  heights  covering 
the  entire  United  States.  These  were  derived  from  the  digital  topographic  data 
originally  prepared  by  the  DMA  Topographic  Center  by  digitizing  the  contours  on 
1:250,000  scale  maps.  Our  14  million  points  are  located  at  30"  grid  intersections. 

In  the  third  data  base  are  the  NGS  holdings  of  almost  5,000  astronomic 
positions  of  first-  and  second-order  quality.  Most  of  these  are  recent,  and  over  half 
were  established  in  connection  with  the  Transcontinental  Traverse  project.  For  the 
NAD  New  Adjustment,  about  100  new  astronomic  positions  are  being  observed. 
The  stations  selected  are  those  with  vertical  angles  of  7°  or  larger. 

We  viewed  the  data  base  as  being  dominated  by  the  gravity  data.  The 
elevations  are  viewed  as  an  aid  in  interpolating  among  the  gravity  anomalies.  With 
an  average  spacing  of  5',  one  can  easily  interpolate  among  the  Bouguer  anomalies, 
but  not  among  free-air  anomalies  which  much  more  closely  reflect  the  visible 
terrain.  Thus  we  obtain  a  free-air  anomaly,  when  needed,  by  first  interpolating  a 
Bouguer  anomaly  and  then  converting  to  free  air  by 


AgrA  =  AgB  +  0.U19h. 

The  existing  astrogeodetic  deflections,  with  an  average  density  of  4  or  5  per  1° 
x  1°  square,  are  generally  not  plentiful  enough  to  be  of  much  use  in  determining 
the  deflection  at  an  arbitrary  horizontal  control  point.  There  are  some  regions  in 
which  the  astronomic  positions  are  much  more  dense,  and  we  have  used  some  of 
these  to  evaluate  how  well  we  could  predict  the  deflection  by  purely  gravimetric 
methods. 

We  were  initially  tempted  to  use  the  collocation  method  in  some  manner  in 
our  computations.  We  saw  collocation  as  offering  two  major  advantages: 

1.  It  prescribes  an  optimal  (in  the  sense  of  minimum  variance)  method  of 
interpolating  among  the  gravity  measurements,  given  an  explicitly  stated  covari- 
ance  function. 

2.  It  prescribes  an  entirely  correct  way  of  combining  the  gravity  measurements 
with  the  existing  astrogeodetic  deflections. 

The  second  advantage  is  irrelevant  in  our  case,  since  we  plan  to  work  with  a 
homogeneous  data  set  of  gravity  data  only,  holding  out  the  existing  astrogeodetic 
deflections  as  an  external  standard  to  which  our  gravimetric  results  can  be 
compared. 

That  still  leaves  the  possibility  of  using  collocation  in  the  sense  of  least- 
squares  interpolation.  We  have  interpolated  gravity  anomalies  by  this  method  using 
both  standard  covariance  functions  and  also  covariance  functions  determined 
empirically  for  each  point.  However,  we  have  found  that  least-squares  interpolation 
took  more  computer  time  than  we  could  tolerate  when  we  had  large  amounts  of 
data.  Therefore,  we  settled  on  an  interpolation  scheme  based  on  polynomials  and 
other  simple  functions.  We  recognized  that  forms  of  interpolation  other  than  least- 
squares  interpolation  are  not  quite  optimal.  We  were  also  aware  that,  for  areas 
with  abundant  data,  it  does  not  much  matter  what  method  of  interpolation  one 
uses.  It  was  suggested  that  we  should  at  least  use  least-squares  interpolation  in 
regions  where  we  had  very  little  or  no  gravity  data.  This  was  countered  by  the 
observation  that  we  intend  to  ensure  that  there  are  no  such  areas.  There  is  a  large 
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amount  of  gravity  data  already  observed  in  the  United  States;  all  that  is  required  is 
to  collect  it.  Our  approach  is  that  it  is  far  better  to  fill  in  sparse  areas  with 
observed  data  than  to  predict  by  any  method. 

Our  present  model  for  interpolation  of  Bouguer  anomalies  is: 

4         n 

&gB=  I     I  anmx"-mym 

n=0    m=0 
41 

+  X  bk((x-xk)2  +  (y-yk)2+82)-* 

k=i 

The  first  sum  is  a  straight  polynomial  up  to  the  fourth  power  in  x  and  y.  It 
contains  15  terms.  The  second  sum  is  a  multiquadric  model  of  the  type  proposed 
in  (Hardy  1977).  Altogether  56  terms  are  used  to  represent  the  Bouguer  anomaly  in 
a  30'  x  30'  area.  The  nodal  points  (xkl  yk)  are  in  two  groups:  a  4  x  4  grid  and  a 
5  x  5  grid  covering  the  30'  quadrangle.  A  value  5  =  0.03  is  used.  The  coordinates 
x  and  y  are  longitude  and  latitude  measured  in  units  of  15'  of  arc  from  the  center 
of  the  block. 

The  56  coefficients  a„m  and  bk  are  determined  by  a  least-squares  fit  to  all  the 
Bouguer  anomalies  within  0?5  of  the  block,  including  those  within  the  block  of 
interest  itself.  The  use  of  considerable  overlap  material  ensures  that  the  disjoint 
30'  surfaces  will  meet  reasonably  well  at  the  edges.  Our  experience  is  that  these 
surfaces  can  almost  always  be  fit  to  Bouguer  anomalies  with  an  rms  error  of  1  to  2 
mgal. 

A  second  major  question  concerned  whether  the  computation  of  the  gravimet- 
ric deilection  should  be  done  for  points  on  a  grid,  with  subsequent  interpolation  to 
the  point  of  interest,  or  directly  for  the  point  of  interest  itself.  We  chose  the  latter 
course.  The  persuading  argument  in  this  case  was  the  rapid  variation  of  the 
deflections  with  position.  We  found  that  in  rough  areas  the  average  correlation 
distance  was  5'.  We  would  have  to  compute  on  a  grid  with  a  spacing  no  greater 
than  5'  to  have  any  hope  of  interpolating  successfully.  Certainly  there  are  many 
areas  where  the  correlation  distance  is  larger  and  a  sparser  grid  could  be  used: 
however,  there  is  no  way  of  knowing  this  for  sure  without  computing  deflections  on 
a  close  grid.  Computing  on  a  5'  grid  throughout  the  United  States  would  require 
about  150,000  deflection  computations,  about  the  same  number  as  we  have 
occupied  horizontal  control  stations. 


Organization  of  Computations 

The  computations  are  carried  out  by  splitting  the  deflections  and  the  geoid 
height  into  three  components: 

£=fi+£»  +  ft 

V  =  i?i  +  Vi  +  17a 

N  =  Nt  +  N2  +  N3. 
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The  first  component  is  that  due  to  the  GEM10  gravity  field.  The  second  and  third 
components  are  based  on  Vening-Meinesz's  formula,  using  residual  gravity 
anomalies.  For  the  second  component,  the  integration  is  performed  by  the  Rice 
ring  method,  where  the  rings  are  centered  on  the  point  of  interest.  For  each  Rice 
ring  compartment,  the  Bouguer  anomaly  at  the  center  of  the  compartment  is 
determined  by  evaluating  the  appropriate  Bouguer  anomaly  surface;  the  mean 
elevation  is  determined  by  entering  the  elevation  data  base  to  obtain  the  point 
elevation  at  each  of  the  four  corners  of  the  compartment;  the  Bouguer  anomaly 
and  mean  elevation  are  combined  to  yield  a  free-air  anomaly  for  the  compartment. 
The  Rice  rings  are  extended  a  distance  of  45'  from  the  point  of  interest. 

For  the  third  component,  the  integration  is  performed  using  mean  free-air 
anomalies  in  blocks  bounded  by  gridlines.  Special  algorithms  are  used  to  match 
the  Rice  ring  compartments,  which  are  centered  on  the  point  of  interest,  to  the 
square  blocks  bounded  by  gridlines.  In  the  third  component,  5'  mean  anomalies 
are  used  out  to  2°  from  the  point  of  interest,  15'  mean  anomalies  out  to  5°  and  1° 
mean  anomalies  out  to  10°.  The  effect  of  residual  gravity  anomalies  beyond  10°  is 
neglected.  This  scheme  is  illustrated  in  figure  2  and  explained  in  more  detail  in 
(Strange  and  Fury  1977). 

Data  Organization 

The  Bouguer  anomaly  surfaces  are  determined  four  at  a  time:  each  computer 
run  produces  the  four  30'  x  30'  surfaces  covering  a  degree  square.  If  there  are 
any  exceedingly  large  residuals  of  fit,  the  offending  observations  are  deleted  and 
the  four  surfaces  are  rerun.   The  fours   sets  of  56  coefficients  are   stored  in  a 


Rice  circles 


Gradient  circle 


FIGURE  2. — Gravity  anomaly  integration  scheme  for  gravimetric  deflections  and  geoid  heights. 
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Bouguer  surface  data  base.  This  is  the  fourth  data  base.  It  is  organized  as  a 
partitioned  data  set  (PDS)  on  an  IBM  360  computer.  Each  member  contains  the 
coefficients  for  the  four  surfaces  in  a  1°  x  1°  square.  The  PDS  organization  is 
suitable  when  groups  of  records  are  to  be  accessed  on  a  single  key  such  as 
position.  The  vendor  supplies  well-tested  software  for  adding,  deleting,  and 
replacing  elements  in  the  index,  as  well  as  for  moving  members  and  listing  data 
set  contents.  It  was  necessary  for  us  to  write  additional  routines  to  provide  indexed 
access  to  partitioned  data  sets  from  FORTRAN  and  PL/I  programs.  In  addition, 
we  wrote  special  procedures  for  migrating  members  (degree  squares)  between  disk 
and  tape.  When  the  four  surfaces  for  a  degree  square  are  computed,  they  are 
always  stored  on  disk.  When  they  are  not  used  for  a  time,  they  may  be  migrated 
off  to  tape.  When  a  new  project  area  is  selected,  all  existing  members  in  the  new 
area  may  be  migrated  back  to  disk  by  simply  describing  the  latitude  and  longitude 
grid  boundaries  of  the  area.  The  migration  software  can  also  produce  maps 
showing  which  degree  squares  have  been  computed,  as  shown  in  figures  3  and  4. 

The  file  of  Bouguer  anomaly  surfaces  is  called  a  data  base,  because  it  has  the 
features  of  (1)  keyed  retrieval,  (2)  multiple  potential  applications,  (3)  an  inventory 
reporting  system,  and  (4)  a  system  for  making  backups.  However,  it  clearly  does 
not  have  all  the  features  that  might  be  associated  with  data  base  management,  nor 
should  it  be  confused  with  the  NGS  geodetic  data  base  described  in  other  papers 
at  this  symposium. 

The  approximately  1  million  gravity  observations  to  which  the  Bouguer 
surfaces  are  fitted  constitute  the  point  anomaly  data  base.  This  first  data  base  is 
organized  as  a  direct  access  data  set  with  three  key  fields:  30'  block,  survey,  and 
individual  record  addresses.  We  expected  to  use  the  point  anomaly  data  base  as  a 
tool  in  the  collection  and  merging  of  data.  The  survey  field  was  included  so  that 
entire  data  sources  could  be  analyzed  separately.  The  individual  record  address 
allows  updating  a  single  record.  Since  we  are  not  able  to  take  advantage  of  the 
vendor's  utilities  when  more  than  one  key  field  is  present,  we  needed  to  write  a 
special  program  to  maintain  the  data  base.  Figure  5  shows  some  of  the  directives 
to  this  maintenance  program.  The  user  is  not  necessarily  aware  of  the  physical 
organization  of  this  data  base. 

The  point  anomaly  data  base,  since  it  cannot  be  easily  migrated,  is  maintained 
on  a  mountable  disk  pack.  The  only  geodetic  applications  against  it  are  the 
Bouguer  anomaly  surface  fitting  program  and  the  generation  of  mean  anomalies. 
Any  process  that  needs  a  gravity  value  obtains  it  as  a  function  of  latitude  and 
longitude  by  evaluating  the  appropriate  function  using  the  coefficients  in  the 
Bouguer  anomaly  surface  data  base.  In  this  sense,  the  use  of  the  surfaces  is 
viewed  as  a  data  compression  technique. 

The  elevation  data  base  exists  as  a  partitioned  data  set  on  a  mountable  disk 
pack.  Because  of  the  amount  of  data,  the  elevations  are  highly  compressed,  the 
highest  compression  ratio  being  10  elevations  per  32-bit  word.  A  series  of  functions 
are  provided  to  unpack  the  data  and  produce  point  or  mean  elevations.  The 
directives  shown  in  figure  6  can  be  invoked  either  by  subroutine  call  or  by  using  a 
stand-alone  program.  It  appears  to  the  user  that  there  is  a  mean  elevation  file. 
However,  this  file  may  exist  only  in  virtual  form;  i.e.,  the  data  base  makes  it 
appear  when  needed. 

The  fifth   set   of  data   to  be   organized   consists   of  gravity   anomalies.   This 
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RETRIEVAL  FUNCTIONS  FORMAT  CONTROL 
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SRBLOCK 
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CHANGE 

Figure  5. — Point  anomaly  data  base  directives. 


Elevation  Data  Base 


Directives: 


Size 


POINTH 

MEAN1 

MEAN5 


14  Million  point  elevations 
1 338  Degree  squares 
1 000  Tracks 

FIGURE  6. — Elevation  data  base  directives. 
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FIGURE  7. — Generation  of  the  mean  gravity  anomaly  data  base. 

actually  consists  of  three  data  bases:  one  each  for  5',  15',  and  1°  mean  anomalies. 
Each  is  organized  as  a  PDS.  For  the  5'  mean  anomalies,  the  144  records  belonging 
to  a  1°  x  1°  square  constitute  a  member;  lor  the  15'  mean  anomalies,  the  64 
records  in  a  2°  x  2°  block  make  up  a  member;  and  for  the  1°  mean  anomalies,  the 
25  records  in  a  5°  x  5°  square  are  put  together.  The  procedure  for  forming  these 
files  is  shown  in  figure  7. 
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The  mean  anomaly  files  contain  free-air  anomalies  computed  from  the  mean 
Bouguer  anomaly  and  the  mean  elevation  for  the  block  by 

XgFA  =  A^B  +  0.1119A. 

This  formula  tends  to  give  a  value  somewhat  higher  than  would  be  obtained  by 
meaning  all  the  free-air  anomalies  in  the  block.  The  reason  for  this  is  that  the 
measured  gravity  values  constitute  a  biased  sample:  gravity  tends  to  be  measured 
more  in  the  valleys  than  in  the  mountains.  Since  the  free-air  anomalies  are  strongly 
correlated  with  elevation,  the  mean  free-air  anomaly  tends  to  be  too  small. 


The  Project  Concept 

With  such  a  large  number  of  deflection  computations  to  be  performed,  it  is 
clearly  not  practical  to  accomplish  all  the  computations  in  a  single  computer  run. 
Therefore,  we  have  designed  a  project  concept.  The  size  of  a  project  is  constrained 
primarily  by  the  amount  of  data  that  can  be  stored  on-line.  At  present,  our 
computer  center  restricts  each  on-line  data  set  to  no  more  than  76  tracks,  or  about 
250,000  32-bit  words,  Furthermore,  scheduling  priority  is  generally  based  on 
resource  demands,  so  that  by  minimizing  our  use  of  central  processing  unit  (CPU) 
time  and  central  memory,  we  can  optimize  turnaround  and  thereby  productivity. 
All  our  programs  are  designed  to  run  in  no  more  than  256  K  bytes  and  for  no  more 
than  5  minutes  CPU. 

Considering  all  the  constraints,  we  arrived  at  a  project  definition  consisting  of 
all  the  points  in  a  2°  x  2°  square.  On  the  average,  there  will  be  about  600  occupied 
horizontal  control  points  in  such  a  project.  All  the  data  sets  required  for  processing 
can  fit  within  our  76  track  limit.  The  4°  x  4°  portions  of  the  Bouguer  anomaly 
surface  and  elevation  data  bases  corresponding  to  the  project  area  are  brought  on- 
line. Similarly,  the  necessary  portions  of  the  5',  15',  and  1°  mean  anomaly  files  are 
established  and  stored  on-line.  The  actual  deflection  computations  are  performed 
in  batches  of  about  100  stations  each  over  a  period  of  about  1  week.  The  "up 
front"  effort  of  establishing  the  necessary  data  bases  accounts  for  about  one-third 
of  the  total  computer  effort.  Table  1  shows  the  steps  required  and  the  approximate 
time  for  each  step. 

Table  1. — Deflection  project  processing  concept. 

CPU  time 
Step  (sec) 

1  Retrieve  approximately  600  horizontal  control  points  from  geodetic  data  base     6 

2  Migrate  16  degree  squares  of  elevations  on-line 6 

3  Compute  and  analyze  16  degree  squares  of  Bouguer  anomaly  surfaces  and  migrate  on- 
line   600 

4  Compute  PDS's  of  5',  15',  and  1°  mean  anomalies 115 


Total  "up  front"  investment    727 

5     Compute  gravimetric  deflections  for  600  points  at  2.5  seconds  per  point 1,500 


Total 2,227 
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TABLE  2. — Comparison  of  441  deflections  in  New  Mexico  computed  by  astrogeodetic  and  gravimetric 


Observed 

astrogeodetic 

deflection 

Gravimetric 

Component 

min. 

max. 

rms 

rms  discrepancy 

-  13'.' 1 

-  12.5 

6'.'1 
29.8 

2'.'7 
6.3 

1'.'4 
2.1 

Results 

We  have  applied  this  processing  concept  in  a  2°  x  2°  area  centered  on  the 
White  Sands  area  of  New  Mexico.  This  area  contains  an  abundance  of  astrogeo- 
detic deflections.  Furthermore,  the  gravity  field  in  the  area  is  sufficiently  rough  to 
provide  a  good  test  of  the  accuracy  of  our  prediction  method  in  mountainous  area. 

The  computer  times  required  varied  only  slightly  from  those  in  table  1.  In  all, 
we  used  178,986  point  gravity  anomalies  and  6,004,398  point  elevations.  Deflections 
were  computed  for  441  points.  Table  2  indicates  the  comparison  between  the 
observed  astrogeodetic  deflections  and  those  predicted  by  gravimetric  means. 

It  indicates  that  the  accuracy  of  deflections  computed  by  the  gravimetric 
method,  using  the  data  bases  and  computational  organization  described  in  this 
paper,  is  1"  to  2".  This  is  not  the  highest  accuracy  for  which  one  could  strive; 
however,  it  is  sufficient  to  guarantee  that  the  error  in  horizontal  directions  due  to 
deflection  errors  will  be  kept  well  below  the  observational  error. 
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Discussion 

Rapp:  Is  an  error  budget  available  for  the  predicted  deflections? 

Schwarz:  Unfortunately,  the  question  of  rigorous  error  budgeting  is  too  complicated  at  present.  We  have 
adopted  the  alternative  of  showing  the  comparison  of  gravimetric  results  with  astrogeodetic  results. 

Tscherning:  Were  all  the  available  U.S.  1,000,000  gravity  data  points  used  in  predicting  the  deflection? 

Schwarz:  Yes. 

Rapp:  Possibly  the  requirement  of  1"  accuracy  in  the  predicted  deflection  is  too  stringent.  I  have 
observed  that  a  large  percentage  of  the  horizontal  angles  can  be  reduced  adequately  if  the  deflections 
are  known  to  ±10". 

Bossier:  For  better  or  worse,  NGS  decided  to  publish  deflection  values  for  every  station  in  the  United 
States.  A  1"  accuracy  was  selected  arbitrarily,  but  it  seems  reasonable  based  on  users'  requests. 

Meissl:  Which  method  will  be  used  finally  to  combine  the  gravimetrically  derived  deflections  with  the 
astronomic  deflections? 

Schwarz:  We  have  just  begun  to  investigate  this  problem  and  have  not  reached  a  decision. 

Tscherning:  What  kind  of  BouguerVs  anomaly  was  used  in  the  computations  already  carried  out? 

Schwarz:  Only  the  simple  Bouguer's  anomaly  was  used,  but  it  probably  will  be  refined. 
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Abstract:  Different  methods  to  derive  the  geoid  and  deflections  of  the 
vertical  required  for  the  reduction  of  Canadian  geodetic  network  distances 
and  directions  are  examined.  It  is  found  that  current  geopotential 
solutions  such  as  the  Goddard  Earth  Model  series  are  adequate  for  the 
geoid,  since  such  undulations  are  in  agreement  with  Doppler-derived 
undulations  with  an  accuracy  of  2  metres  in  Canada.  The  resulting  semi- 
major  axis  of  the  mean  Earth  ellipsoid  is  6,378,134  metres  when  assuming 
that  the  correct  scale  correction  to  the  NWL  9D  system  is  —0.4  ppm.  A 
deflection  prediction  method  based  on  a  combination  of  Vening-Meinesz 
integral  formula  and  least-squares  collocation  gives  an  accuracy  of  l'.'O  to 
l'.'S  for  the  deflection  components  at  all  network  stations  which  are  not  in 
the  Rocky  Mountains.  The  observation  data  consist  of  a  current  geopoten- 
tial solution,  detailed  surface  gravity,  and  astrogeodetic  data.  In  the 
Rockies,  other  methods  will  have  to  be  used  to  obtain  adequate 
deflections  of  the  vertical  and/or  to  minimize  their  effect  on  the  adjusted 
coordinates. 


Introduction 

When  using  a  reference  ellipsoid  to  adjust  horizontal  networks,  distances,  and 
directions  observed  on  the  Earth's  surface  have  to  be  reduced  to  that  ellipsoid. 
The  reduction  of  a  terrain  spatial  distance  £  to  its  chord  distance  €0  on  the 
ellipsoid  is  given  by  (Heiskanen  and  Moritz  1967) 


u  -  yld+hjR)-  ■  ■  -  (1) 


)(1  +h2IR) 


with 


hx  =Hl+Nl 


h2=H2+N, 
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Figure  1. — GEM8  geoid  in  Canada. 

where  hx  and  h2  are  the  heights  of  points  1  and  2  above  the  ellipsoid,  Hx  and  H2 
the  corresponding  orthometric  heights  (above  the  geoid),  Nt  and  N2  the  geoid 
undulations,  and  R  the  mean  ellipsoidal  radius  of  curvature  along  the  line.  Every  6 
m  of  undulation  produces  a  correction  of  1  ppm  to  horizontal  distances  when  these 
are  reduced  from  the  geoid  to  the  ellipsoid.  The  geoid  undulations,  which  give  the 
heights  of  the  geoid  above  (or  below)  the  ellipsoid,  are  basically  functions  of  the 
density  distribution  of  the  matter  inside  the  Earth  and  of  the  parameters  and 
position  (with  respect  to  the  geocentre)  of  the  reference  ellipsoid.  The  GEM8 
(Goddard  Earth  Model  8)  geoid  (Wagner  et  al.  1977)  referred  to  a  geocentric 
ellipsoid  having  a  semimajor  axis  of  6,378,135  m  and  a  flattening  of  1/298.257  is 
shown  on  figure  1;  it  reaches  a  low  of  some  50  m  in  the  Hudson  Bay. 

The  correction  812  to  a  direction  from  point  1  to  2  due  to  the  meridian  (£x)  and 
prime  vertical  (rjj)  components  of  the  deflection  of  the  vertical  at  point  1  is 


(£,  sin  au  -  r)x  cos  al2)  tan  /312 


(2) 


where  al2  is  the  azimuth  of  the  line  and  fivl,  its  elevation  angle.  The  correction  is 
then  zero  when  the  elevation  angle  and/or  the  term  in  the  parentheses  are  zero. 
The  correction  is  likely  to  be  more  significant  in  mountainous  areas  where 
deflections  and  elevation  angles  are  relatively  large.  This  can  be  seen  in  table  1 
where  the  elevation  angles  of  Canadian  framework  directions  are  classified  as  a 
function  of  their  size  and  per  framework  section;  the  sections  are  shown  on  figure 
2.  Since  the  deflections  are  rarely  accurately  known  at  all  triangulation  points,  it  is 
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FIGURE  2. — Sections  of  the  Canadian  framework. 


advantageous  to  avoid  directions  with  large  elevation  angles  in  order  to  limit  the 
effect  due  to  the  neglecting  of  the  correction. 

The  effect  of  neglecting  corrections  for  geoid  undulations  and  deflections  of 
the  vertical  on  limited  parts  of  the  Canadian  framework  has  been  investigated  by 
several  authors.  Applying  successively  geoid  and  deflection  corrections  to  the 
Labrador  network  (part  of  section  008— see  fig.  2)  where  only  one  distance  was 
available,  Thomson  et  al.  (1974)  found  scale  changes  of  -1.7  ppm  and  -1.2  ppm, 
respectively.  It  should  be  noted  here  that  the  overall  effect  of  deflection  corrections 
will  be  larger  on  a  "pure"  triangulation  network  (where  only  a  few  measured 
distances  or  less  are  available)  such  as  the  Labrador  network  than  on  a 
triangulation  network  where  most  distances  have  also  been  observed. 

In  Canada,  four  types  of  data  are  currently  used  to  estimate  the  geoid  and 
deflections  of  the  vertical. 

About  1,000  astrogeodetic  deflections  of  the  vertical  observed  by  the  Geodetic 
Survey  of  Canada  over  the  past  50  years  are  shown  on  figure  3.  Some  780  of  these 
deflections  coincide  with  framework  stations  while  the  remaining  ones  are  at 
secondary  network  stations.  Most  astronomical  coordinates  have  been  reduced  to 
the  CIO  pole  and  FK4  system  (Vamosi  1977).  The  accuracy  of  the  prime  vertical 
components  within  the  framework  is  expected  to  vary  between  0'.'  and  1'.'5  mostly 
as  a  function  of  their  epoch,  the  older  ones  being  less  accurate.  The  accuracy  of 
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FIGURE  3. — Astrogeodetic  deflections  of  the  vertical  in  Canada. 


the  corresponding  meridian  components  is  expected  to  be  more  uniform  and 
around  078. 

Some  300,000  surface  free-air  gravity  anomalies,  observed  by  the  Earth 
Physics  Branch  (Department  of  Energy,  Mines  and  Resources),  are  available  for 
the  landmass  and  surrounding  oceans  (fig.  4).  About  100,000  of  these  anomalies 
are  on  the  landmass  and  have  an  accuracy  of  0.25  to  2  mgals  depending  on  the 
accuracy  of  corresponding  orthometric  heights.  The  remaining  200,000  sea 
anomalies  have  an  accuracy  of  about  3  mgals. 

Geopotential  models  based  on  satellite  or  satellite-gravimetric  data  such  as  the 
GEM  series  are  also  being  used  to  derive  geoid  undulations  and  deflections  of  the 
vertical.  Their  accuracies  will  be  discussed  in  the  next  two  sections  of  this  report. 

Finally,  Doppler-derived  undulations,  which  can  be  used  to  provide  the  zero- 
order  undulation  of  the  geoid  and  serve  as  constraints  for  a  geoid  model,  are 
available  at  about  240  stations  well  distributed  over  the  territory  (fig.  5).  The 
Doppler  coordinates  in  Canada  refer  to  a  system  derived  by  scaling  and  rotating  (in 
longitude)  the  NWL  9D  system  by  —1  ppm  and  — 0'.'65  respectively  (Kouba  1978). 
The  accuracy  of  Doppler  undulations  is  functions  of  the  accuracies  of  Doppler 
ellipsoid  heights  and  orthometric  heights.  While  the  accuracy  of  ellipsoid  heights  is 
uniformly  about  0.7  m,  the  accuracy  of  orthometric  heights  depends  on  whether 
the  height  is  spirit  (1  m  or  better),  trigonometric  (2  m)  or  barometric  (3  m)  levelled. 
The  accuracy  of  a  Doppler  undulation  then  varies  between  1  and  3  m. 
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CANADA 


Figure  4.— Gravity  data  in  Canada  (1978). 

Estimation  of  the  Geoid 

The  method  that  has  first  been  considered  to  estimate  geoid  undulations  for 
reducing  distances  tq_the  ellipsoid  is  the  direct  use  of  a  set  of  geopotential 
coefficients.  Let./„w,  Knm  be  a  set  of  fully  normalized  coefficients;  the  undulation 
/V  at  a  point  with  coordinates  </>  (latitude)  and  k  (longitude)  is  then  given  by  the 
following  truncated  spherical  harmonics  expansion: 


/V((/>,  k)  =  R  ^    X   U*m  cos  mk  +  Knm  sin  mk]  /\m) ((sin</>) 


(3) 


here 


7     =J 


R  being  the  mean  radius  of  the  Earth,  £  the  maximum  degree  of  the  coefficients, 
Pnm  the  fully  normalized  associated  Legendre  functions,  $  the  geocentric  latitude, 
and/'nm  the  coefficients  of  the  normal  reference  field. 

In  equation  3,  the  summation  begins  with  degree  2  because  the  zero-order 
undulation  of  the  geoid,  N 00  ,  and  the  first-degree  terms  are  assumed  to  be  zero. 
First-degree  terms  are  zero,  because  the  undulations  refer  to  a  geocentric  system 
in  the  present  case.  Assuming  that  N 00  is  zero  is  equivalent  to  supposing  that  the 
geodetic  reference  parameters  used  or  obtained  when  evaluating  the  geopotential 
coefficients  are  errorless.  Since  this  is  not  the  case,  /V00  is  also  in  error  by  a  certain 


Estimation  of  Geoid  Deflection  Components  in  Canada 


109 


Figure  5. — Doppler  stations  in  Canada. 


amount.  It  is  possible  to  evaluate  this  error  or,  at  least,  to  estimate  how  consistent 
is  the  geopotential  coefficients  solution  with  the  Doppler  system  by  comparing  the 
geoid  undulations  obtained  from  the  coefficients  with  the  Doppler-derived  ones.  If 
one  assumes  that  the  Doppler  scale  (in  terms  of  radial  distance  from  the  geocentre) 
is  correct,  then  the  bias  between  the  two  sets  of  geoid  undulations  becomes  the 
zero-order  undulation  which  is  to  be  added  to  undulations  derived  using  the 
coefficients  in  order  to  obtain  properly  "scaled"  undulations.  It  is  also  possible  to 
estimate  a  new  value  for  the  semimajor  axis  (ame)  of  the  mean  Earth  ellipsoid  by 
writing 


a  +yv, 


(4) 


where  a   is  the   semimajor  axis  of  the  reference  ellipsoid  used  to  evaluate  the 
geopotential  coefficients. 

The  interpretation  of  the  bias  between  Doppler  undulations  and  the  ones 
derived  from  coefficients  given  above  is  valid  only  when  assuming  Doppler 
undulations  errorless.  In  practice,  this  is  not  the  case.  However,  when  distances 
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are  reduced  to  the  ellipsoid  using  undulations  derived  from  a  set  of  coefficients, 
the  bias  must  still  be  removed  from  these  undulations  in  order  to  make  them 
consistent  with  the  Doppler-derived  ones.  This  is  because  the  Doppler  system 
provides  mostly  the  scale  to  the  geodetic  reference  system  used  for  the  adjustment. 

Geoid  undulations  were  derived  at  the  237  Doppler  stations  shown  on  figure  5 
using  GEM8  (Wagner  et  al.  1977),  GEM9  and  10  (Lerch  et  al.  1977),  GEM10A  and 
GEM10B  (Lerch  and  Wagner  1978),  and  GRIM2  (Balmino  et  al.  1976)  coefficient 
solutions  and  compared  with  the  corresponding  Doppler  ones  through  a  one- 
parameter  solution  in  N 00.  Doppler  undulations  were  assigned  variances  of  1  m2, 
4  m2,  or  9  m2,  respectively  depending  on  whether  the  orthometric  height  was 
obtained  by  spirit,  trigonometric,  or  barometric  levelling.  Although  the  Doppler 
coordinates  used  to  obtain  the  undulations  refer  to  a  system  realized  by  scaling  the 
NWL  9D  system  by  —1  ppm,  the  ame  values  derived  from  the  various  comparisons 
and  given  in  table  2  were  corrected  by  0.6  ppm  so  that  they  imply  a  scale 
correction  of  -0.4  ppm  to  the  NWL  9D  system  (Anderle  1978). 

To  evaluate  the  agreement  between  Doppler  and  geopotential  coefficient 
undulations,  the  root  mean  square  difference  between  the  two  sets  was  calculated 
(the  bias  or  N00  correction  having  been  applied  beforehand)  as  follows: 


a(A/V)  =  JMcoetL       fyJ?  (5) 

V  n  —  1 

where  n  is  the  number  of  stations  implied  in  the  comparison.  The  cr(A/V)  values 
obtained  in  the  different  comparisons  are  also  listed  in  table  2.  The  2-m  agreement 
for  the  different  GEM  solutions  is  considered  as  excellent  when  taking  the 
accuracy  of  Doppler-derived  undulations  into  account. 

An  important  conclusion  at  this  point  is  that  the  use  of  a  GEM  type  solution  to 
derive  the  undulations  required  for  reducing  distances  to  the  reference  ellipsoid  is 
adequate.  Hence  the  Doppler  undulations  need  not  be  used  as  constraints  in  a 
further  solution,  but  should  be  used  only  to  estimate  an  appropriate  zero-order 
undulation  of  the  geoid.  The  GEM8  solution  was  used  in  accordance  with  the 
above  in  order  to  provide  undulations  for  reducing  distances  to  the  ellipsoid  in  the 
test  adjustment  described  in  Beattie  et  al.  (1978). 

Similar  comparisons  were  made  at  some  143  U.S.  Doppler  stations,  73  of 
these  being  located  on  the  transcontinental  traverse.  Results,  which  are  also  listed 
in  table  2,  are  very  similar  and  consistent  with  the  ones  obtained  for  Canadian 
Doppler  stations,  i.e.,  an  ame  of  about  6,378,134  m  and  a  rms  fit  of  about  2  m.  The 
0.7  m  bias  between  United  States  and  Canadian  Doppler  heights  (Kouba  and 
Hothem  1978)  is  not  seen  in  the  two  sets  of  ame  values. 

The  GEM8  solution  was  a!so  combined  with  detailed  surface  gravity  data  in 
order  to  obtain  more  refined  undulations  using  a  method  based  on  a  combination  of 
Stokes'  formula  and  least-squares  collocation  (Lachapelle  1978).  The  cr(A/V)  values 
obtained  between  these  GEM8-gravimetric  undulations  and  the  Doppler  ones  vary 
between  1.25  and  1.50  m  depending  upon  the  type  of  solution  used.  The  ame 
obtained  was  about  6,378,134  m  when  assuming  a  scale  correction  of  —0.4  ppm  to 
the  NWL9D  system,  but  a  correction  for  the  limited  integration  (using  Stokes' 
formula)  cap  size  (Rapp  and  Rummel  1975)  was  not  applied;  otherwise  a  value 
around  6,378,139  would  have  been  obtained.  The  reason  for  the  5-m  increase  when 
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Table  2.— Comparison  of  Doppler*  Derived  and  GEM8,  GEM9,  GEM  10,  GEM  10 A,  GEMIOB  and 

GRIM2  undulations . 


Data  set 


Geopotential 
solution 


Best  fitting 
semi-major  axis 


a(AN) 


237  stations  in  Canada 


GEM8 

GEM9 

GEM10 

GEM10A 

GEMIOB 

GR1M2 


6,378,134.2  m 

6,378,134.0 

6,378,134.1 

6,378,133.7 

6,378,133.5 

6,378,133.8 


2.2  m 
2.6 

2.2 
2.0 
2.2 
48 


119  stations  in  Canada  where  orthometric   heights 
were  obtained  by  spirit  levelling  only 


GEM8 
GEM10 
GEM10A 
GEMIOB 


6,378,134.4 
6,378,134.2 
6,378,133.7 
6,278,133.5 


2.0 
1.9 
1.7 
1.9 


143  stations  in  the  United  States 


GEM8 
GEM  10 
GEM10A 
GEMIOB 


6,378,133.9 
6,378,134.0 
6,378,133.6 
6,378,133.6 


2. .3 
2.7 
2.2 
2.3 


73  stations  in  the  United  States  along  the  Transcon- 
tinental Traverse  (subset  of  previous  set) 


GEM8 

GEM9 

GEM10 

GEM10A 

GEMIOB 

GR1M2 


6,378,134.1 
6,378,134.6 
6,378,134.3 
6,378,133.8 
6,378,133.9 
6,378,130.2 


1.6 

2.3 
2.0 
1.5 

S.6 

6.5 


*  NWL9D  System  with  a  -  0.4  ppm  scale  correction  (Anderle  1978). 


combining  surface  gravity  with  the  geopotential  model  is  not  known  at  present. 
The  same  effect  has  been  obtained  by  Rapp  and  Rummel  (1976)  and  Marsh  and 
Chang  (1978)  when  comparing  U.S.  Doppler  undulations  with  GEM8  and  GEM8- 
gravimetric  undulations  (personal  communications  to  the  author).  Their  results 
regarding  ame  agree  with  mine.  Strange  et  al.  (1975)  compared  some  75  U.S. 
Doppler  undulations  with  a  GEM6-gravimetric  geoid  derived  by  Marsh  and  Vincent 
(1974)  and  obtained  6,378,135  m,  but  the  integration  cap  size  correction  was  not 
applied  either. 

All  results  concerning  ame  reported  up  to  now  and  derived  from  a  comparison 
of  GEM  and  Canadian  and  United  States  Doppler  undulations  are  consistent  within 
1  to  2  m  (mean  value  of  6,378,134  m). 

Anderle  (1978)  finds  an  ame  of  6,378,138.2  metres  when  successively  comparing 
48  U.S.  and  76  worldwide  (including  the  48  U.S.  ones)  Doppler  undulations  (with  a 
—0.4  ppm  scale  correction)  with  GEM10  undulations.  The  4-m  discrepancy  with 
the  other  values  quoted  above  is  not  well  understood,  but  it  could  be  due  to  a 
different  method  used  to  derive  ame  (Anderle  1978,  personal  communication). 

Finally,  other  investigators  have  obtained  larger  ame  values.  The  ame  implied 
by  the  GEM  10  stations  and  geopotential  coefficients  solution  is  6,378,140  (Lerch  et 
al.  1977)  while  Balmino  et  al.  (1977)  obtain  6,378,141.9  m  for  the  GRIM2  solution. 
The  spread  between  current  results  for  ame  is  of  the  order  of  5  m. 
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Estimation  of  Deflections  of  the  Vertical 

The  accuracy  required  for  deflection  components  to  be  used  for  reducing  a 
direction  according  to  equation  2  depends  obviously  on  the  elevation  angle  (/3)  of 
the  direction.  An  elevation  angle  of  1°  combined  with  a  deflection  of  20"  in  a 
direction  perpendicular  to  the  horizontal  direction  will  result  in  a  correction  of  (y.'3. 
The  standard  deviation  of  a  framework  direction  is  about  0'.'6.  If  one  assumes  that 
a  correction  half  that  size  is  significant,  i.e.,  0"3,  there  could  be  up  to  a  few 
thousand  directions  (out  of  a  total  of  30,110)  in  the  Canadian  framework  where  the 
correction  will  indeed  be  significant.  According  to  table  1,  there  are  2,843 
directions  with  elevation  angles  larger  than  1°  and  279  with  elevation  angles  larger 
than  5°,  most  of  these  latter  (260)  being  in  sections  009,  010,  011,  and  013,  which 
are  in  the  Rockies  where  deflections  are  generally  large.  There  are  also  several 
hundred  framework  stations  in  Quebec  and  Newfoundland  where  both  the 
deflection  and  elevation  angle  are  large  and  the  corrections  therefore  likely  to  be 
significant. 

As  mentioned  in  the  introduction,  some  780  astrogeodetic  deflections  are 
available  at  framework  stations.  Their  distribution  per  section  is  shown  in  table  1. 
At  other  stations,  deflection  components  have  to  be  obtained  by  other  means.  The 
easiest  method  is  the  direct  use  of  geopotential  coefficients  as  in  the  case  of  geoid 
undulations  (eq.  3): 

tiA.  x>  V     V    r7*  x   ^v        ■        ^dFnm{sin(j)). 

£(<p,A)  =  -  2,     2l    [J ,,m  cos  mk  +  K„„,  sin  m\\ ^ (6) 

r){(f),k)  =  -  — -T  ]£    X   [-J*m™  sin  mk  +  Rnmm  cos  mk]Pnm (sin  <£)       (7) 

^   11=2   W=0 

Such  deflection  components  were  estimated  at  889  astrogeodetic  stations  and 
compared  with  the  corresponding  astrogeodetic  (geocentric)  components.  GEM8 
was  used  for  this  purpose.  The  computations  and  comparisons  are  summarized  in 
table  3  for  10  provinces  or  regions.  The  mean  differences  6f  and  St)  provide  a 
measure  of  the  remaining  biases  when  using  GEM8  deflection  components,  while 
the  rms  8£  and  8r)  provide  a  measure  of  the  agreement  between  GEM8  and 
astrogeodetic  components.  The  overall  fit  of  4'.'34  (£)  and  4'.'85  (tj)  is  relatively  poor, 
but  this  was  to  be  expected  because  deflections  of  the  vertical  are  strongly  affected 
by  the  local  topography  and  gravity  field.  The  use  of  GEM  10  and  GEM10A 
produced  results  similar  to  the  ones  obtained  with  GEM8.  However,  the  global 
trends  of  the  deflection  components  seem  to  have  been  recovered  by  GEM8, 
especially  in  the  case  of  the  prime  vertical  component.  Therefore,  the  use  of 
deflection  components  derived  from  geopotential  coefficients  is  better  than  no 
correction  at  all  as  it  does  remove  at  least  parts  of  the  systematic  trends.  The 
GEM8  deflection  components  were  used  at  all  stations  to  correct  directions  in  the 
test  adjustment  described  in  Beattie  et  al.  (1978). 

At  stations  where  there  are  no  astrogeodetic  deflections,  the  accuracy  of 
coefficient  deflections  can  be  improved  by  combining  them  with  surrounding  point 
and  mean  gravity  anomalies  and  astrogeodetic  deflections  according  to  a  method 
based  on  a  combination  of  Vening-Meinesz's  formula  and  least-squares  collocation 
(Lachapelle  1977).  The  combination  of  GEM8  deflection  components  with  gravity 
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data  only  at  some  160  astrogeodetic  stations  located  across  the  country  except  in 
the  Rocky  Mountains  produced  deflection  components  accurate  to  172  to  175, 
respectively;  this  result  is  considered  excellent  when  taking  the  density  of  the 
gravity  data  into  account  and  is  expected  to  be  achievable  for  about  80  percent  of 
the  territory  (everywhere  within  the  framework  except  in  the  Rockies).  A  prediction 
based  on  the  same  method,  but  including  neighbouring  astrogeodetic  deflections, 
gave  an  accuracy  of  170  to  172  (Lachapelle  1976).  All  these  accuracy  estimates 
(rms  differences)  were  obtained  by  comparing  the  predicted  and  astrogeodetic 
components  and  are  therefore  realistic  and  reliable. 

The  only  important  area  where  deflection  components  cannot  be  predicted 
with  a  1"  to  2"  accuracy  using  the  above-mentioned  method  is  the  Rocky  Mountains 
area  because  of  an  inadequate  or  nonexistent  gravity  coverage  (fig.  4).  Unfortu- 
nately, the  largest  number  of  directions  having  large  elevation  angles  is  also  in  this 
area  (table  1).  This  problem  will  be  dealt  with  by  first  reassessing  the  framework  in 
the  area;  this  may  lead  to  the  deletion  of  stations  having  directions  with  large 
elevation  angles  from  the  framework.  Secondly,  deflection  components  will  be 
either  predicted  using  a  method  based  on  the  use  of  topographic-isostatic  deflection 
components,  i.e.,  (Elmiger  1969,  Lachapelle  1975,  Tscherning  1978),  or  determined 
by  the  astrogeodetic  method  at  all  remaining  stations  where  necessary.  According 
to  table  1,  there  exists  already  a  significant  number  of  astrogeodetic  deflections  in 
the  area. 

For  the  stations  of  the  framework  which  are  not  in  the  Rockies,  a  final 
decision  has  not  been  reached  as  yet,  but  the  deflection  components  will  likely  be 
predicted  at  all  stations  where  there  are  no  astrogeodetic  values  and  where  the 
deflection  corrections  are  excepted  to  be  significant.  The  method  will  be  the  one 
referred  to  above,  i.e.,  the  one  described  in  Lachapelle  (1977),  and  the  observation 
data  set  will  include  a  set  of  geopotential  coefficients,  surface  gravity  data  (point 
and  mean  values),  and  astrogeodetic  components  of  the  deflection  of  the  vertical. 


Conclusions 

The  use  of  a  current  geopotential  solution  to  estimate  the  geoid  undulations 
required  for  reducing  Canadian  framework  distances  to  the  ellipsoid  is  sufficient  as 
it  is  accurate  to  about  2  m.  However,  such  a  solution  has  to  be  combined  with 
detailed  surface  gravity  and  neighbouring  astrogeodetic  deflections  in  order  to 
estimate  the  deflections  required  for  reducing  directions  at  stations  where  the 
elevation  angles  of  these  directions  are  relatively  large  and  where  no  astrogeodetic 
deflections  are  available.  There  are  a  few  thousand  such  directions  in  the 
framework,  over  half  of  which  are  in  the  Rocky  Mountains.  A  deflection  prediction 
method  developed  for  this  purpose  gives  an  accuracy  of  170  to  175  for  all  framework 
stations  which  are  not  in  the  Rockies.  In  this  area,  there  is  no  adequate  gravity 
coverage  to  predict  deflections  with  the  required  accuracy  in  most  cases  and  other 
steps  will  be  taken  in  order  to  ensure  that  an  inadequate  knowledge  of  the 
deflections  of  the  vertical  does  not  result  in  systematic  errors  affecting  adjusted 
geodetic  coordinates. 
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Discussion 

Anderle:  Could  the  4-  or  5-m  difference  between  your  result  and  mine  be  explained  by  the  different 

flattening  used  for  the  reference  ellipsoid? 

Lachapelle:  I  have  looked  into  this  matter.  It  appears  they  both  use  the  same  flattening,  namely 

1/298.257. 
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Abstract:  The  method  of  collocation  may  be  used  for  the  computation 
of  an  approximation  T  to  the  anomalous  potential  of  the  Earth,  T,  from, 
e.g.,  potential  coefficients,  gravity  anomalies,  geoid  undulations,  and 
deflections  of  the  vertical.  Predictions  of  deflections  of  the  vertical  (£,  r)) 
are  then  obtained  (in  spherical  approximation)  as 

df  I  df        1 


d(f>yr  dk  yrcos<f> 

where  (<£>,  A,  r)  are  the  spherical  coordinates  of  and  y  is  the  reference 
gravity  at  the  point  of  prediction. 

Excellent  prediction  results  have  been  obtained  in  areas  with  a 
smoothly  varying  topography.  In  areas  with  strongly  varying  topography  it 
is  necessary  to  subtract  the  effect  of  the  isostatically  compensated  terrain 
in  order  to  get  acceptable  results.  (Otherwise  a  very  dense  gravity 
network  must  be  established.) 

The  method  of  collocation  requires  that  the  observed  quantities  can 
be  regarded  as  values  of  linear  functionals  applied  on  T.  It  is  therefore 
necessary  to  use  a  rigorously  computed  terrain  or  anomalous  mass 
potential  (Tm)  and  then  determine  an  approximation  Tc  =  T  -  Tm  using 
collocation..  Deflections  of  the  vertical  can  then  be  predicted  using  (*) 
with  Tc  +  Tm  substituted  for  T. 

This  technique  has  been  tested  in  a  30'  by  30'  area  in  New  Mexico 
with  a  locally  strongly  varying  topography,  where  defelections  were 
predicted  from  gravity  anomalies  (spaced  6'  apart).  The  use  of  topograph- 
ical information  resulted  in  a  40-percent  decrease  in  the  root  mean  square 
error  of  prediction  (to  ±077  for  f  and  ±170  for  17). 

This  result  (and  results  obtained  by  other  investigators)  shows  that 
the  use  of  the  method  of  collocation  for  the  prediction  of  deflections  of 
the  vertical  has  the  potential  of  giving  results  comparable  to  results 
obtained  using  the  integral  formula  of  Vening-Meinesz  or  Molodensky, 
but  with  less  observed  gravity  data. 
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Introduction 

Let  us  as  usual  denote  the  gravitational  potential  of  the  Earth  by  W  and  let  a 
certain  first-order  approximation  be  denoted  U.  Then  we  denote  the  anomalies  or 
disturbing  potential  T,  where 

T  =  W-U  (1.1) 

We  will  suppose  that  T  is  a  harmonic  function  in  space,  and  that  the  zero  and  first- 
order  harmonic  coefficients  are  zero.  In  a  point  P  in  space  the  deflection  of  the 
vertical  is  the  direction  difference  between  the  gradient  of  W  and  the  gradient  of 
U.  In  so-called  spherical  approximation  we  have  for  the  north-south  component  of 
the  deflection  of  the  vertical 


i  = 

and  for  the  prime  vertical  component 


dT 
d<t> 


p    r 


dT 

dk 


p   r  .   y  .  COS  0 


1 

—  (1.2) 


1 

(1.3) 


where  y  —  |  Vf/|  is  the  reference  gravity  in  P,  <f  is  the  latitude,  A  is  the  longitude, 
and  r  is  the  distance  from  the  origin. 

Deflections  of  the  vertical  are  applied  for  the  reduction  of  horizontal  or  vertical 
angles  (Heiskanen  and  Moritz  1967,  section  5-5),  for  the  correction  of  inertial 
navigation  or  inertial  surveying  errors  (Levine  and  Gelb  1969;  Bernstein  and  Hess 
1976),  for  the  determination  of  T  (to  which  they  are  related  through  equation  (1.2) 
and  (1.3))  and  thereby  for  geoid  determination.  They  also  contain  information  about 
density  anomalies  within  the  Earth. 

On  the  other  hand,  the  density  anomalies  determine  the  disturbing  potential, 
which  again  determine  the  deflections  of  the  vertical.  So  we  should  not  in  practice 
distinguish  between  the  determination  of  the  deflections,  of  T  or  of  the  density 
anomalies. 

The  deflection  of  the  vertical  may  be  determined  through  astronomical 
observations  or  in  the  future  possibly  through  inertial  techniques.  (See,  e.g.,  Heller 
1977;  Lyon  1977.)  Astronomical  observations  are  time  consuming  (and  the  weather 
may  cause  trouble).  In  polar  regions  they  are  nearly  impossible  to  carry  out. 
Inertial  technique  is  not  fully  developed  and  will  anyway  require  reference  points 
with  known  deflections.  Methods  which  enable  the  determination  of  deflections 
from  other  data  types  as,  e.g.,  gravity  or  density  anomalies,  are  therefore  extremely 
important. 

In  principle  two  techniques  are  available.  One  technique  uses  the  integral 
formulae  relating  the  disturbing  potential  to  gravity  anomalies,  geoid  heights,  or 
density  anomalies.  The  deflection  components  are  then  obtained  using  equations 
(1.2)  and  (1.3).  The  integral  formulae  of  Vening-Meinesz  (Stokes),  Molodensky,  and 
Poisson  are  examples  of  this  technique.  It  is  characteristic  for  this  technique  that 
only  one  type  of  quantity  will  appear  under  the  integral  sign. 
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The  other  technique  may  use  a  possibly  heterogeneous  set  of  observations  for 
the  determination  of  an  approximation  to  the  disturbing  potential  or  to  a  scalar  or 
vector  valued  function  representing  one  or  both  components  of  the  deflection  of 
the  vertical  or  the  geoid  undulations.  These  functions  are  then  regarded  as 
mappings  from  the  reference  ellipsoid  to  a  (generally  1-  or  2-dimensional)  real 
vector  space.  The  approximation  will  be  determined  as  the  element  of  a  specific 
linear  vector  space  of  functions  which  represent  the  observations  in  an  "optimal" 
manner.  An  example  of  such  a  technique  is  the  method  of  least-squares  collocation 
(Krarup  1969),  which  enables  error-free  observations  to  be  reproduced  exactly,  and 
methods  which  determine  a  set  of  point  masses  or  surface  densities  generating  the 
approximation  to  T. 

Predictions  or  interpolated  values  are  then  obtained  using  equations  (1.2),  (1.3) 
when  an  approximation  T  to  T  has  been  determined  or  by  a  direct  evaluation  of  the 
function  representing  the  deflection  components. 

The  techniques  are  also  used  combined.  Gravity  anomalies,  for  example,  may 
be  predicted  so  that  a  sufficiently  dense  set  of  gravity  anomalies  are  available 
before  carrying  out  the  integration.  Or  an  integration  is  first  performed  using 
incomplete  data  (i.e.,  missing  data  are  put  equal  to  zero,  or  all  mass  densities  are 
put  equal  to  a  constant  value).  The  (generally  very  smooth)  differences  between 
observed  deflections  or  gravity  anomalies  and  values  computed  using  the  integral 
formulae  are  then  used  as  "reduced"  observations  in  a  prediction  procedure. 

Examples  of  such  techniques  are  the  method  of  astrogravimetric  levelling,  the 
method  of  interpolating  topographic-isostatic  reduced  deflections  of  the  vertical 
(Elmiger  1969,  Lachapelle  1976)  and  the  combined  integral  formula-collocation 
method  (Lachapelle  1976). 

Results  obtained  using  different  techniques  are  collected  in  table  1.  It  is  seen 
that  both  techniques  give  excellent  results  in  areas  with  a  smoothly  varying 
topography  (Rice  1952,  Tscherning  1973,  1975).  In  areas  with  a  strongly  varying 
topography  are  fine  results  reported  using  the  integral  formula  procedure  when 
gravity  observations  and  terrain  data  are  available  in  a  dense  grid  near  the  point  of 
computation  (Pick  and  Pola  1967;  Tengstrom  1971).  The  combined  integral  formula 
and  prediction/interpolation  techniques  seems  to  give  comparable  results  using  a 
smaller  number  of  observations.  However,  the  observations  were  deflections  of  the 
vertical  or  their  horizontal  derivatives  (Badekas  and  Mueller  1968;  Biro  1967;  Merry 
and  Vanicek  1974;  Bosch  and  Wolf  1974;  Grafarend  and  Offermanns  1976),  i.e., 
observations  of  a  type,  which  we  here  consider  as  not  being  available. 

A  combined  technique,  using  topographic  heights  and  known  densities 
together  with  the  more  easily  obtainable  gravity  anomalies  and  the  probably 
scattered  deflections  and  geoid  undulations  determined  from  Doppler-derived 
geocentric  coordinates,  would  be  a  more  satisfactory  technique.  Obviously,  the 
collocation  method  could  be  used.  However,  certain  conditions  have  to  be  fulfilled 
before  this  method  can  be  used.  This  is  what  we  will  discuss  in  section  2. 

In  section  3  we  describe  how  the  collocation  method  has  been  used  for 
deflection  prediction  with  topographic-isostatic  reduced  data  in  an  area  of  New 
Mexico.  And  finally  in  section  4  we  compare  the  technique  with  other  techniques 
and  discuss  possible  applications  in  northern  Greenland. 
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Collocation  and  the  Use  of  Terrain  Data 

To  understand  better  how  terrain  data  can  be  used  in  connection  with 
collocation  let  us  for  a  moment  recall  how  this  kind  of  data  is  taken  into  account 
by  the  methods  for  the  solution  of  the  boundary  value  problem.  Using  Stokes 
integral  formula  the  gravity  anomalies  must  be  "reduced"  to  the  geoid  in  such  a 
manner  that  all  masses  outside  the  geoid  are  removed  or  "shifted."  This 
presupposes  a  complete  knowledge  of  the  density  distribution  between  the  Earth's 
surface  and  the  geoid. 

Using  the  modern  theory  of  Molodensky,  as  modified  by  Pellinen  (1962,  1968), 
not  T  itself,  but 

T'  =  T-Tm  (2.1) 

is  determined.  Here  Tm  is  a  harmonic  function  generated  by  a  model  of  the  known 
terrain  and  its  isostatic  compensation.  This  has  no  influence  on  the  area  of 
harmonicity.  However,  experience  has  shown  that  Tc  will  be  a  more  smooth 
quantity  than  T,  when  Tm  is  generated  by  a  model  of  the  local  terrain  (table  1). 

When  applying  collocation  the  terrain  may  be  taken  into  account  in  exactly 
the  same  manner.  Let  us  then  recall  the  main  principles  of  the  method  of 
collocation. 

Because  the  Laplace  operator  is  a  linear  operator,  then  T  will  be  an  element 
of  a  linear  vector  space  of  functions  harmonic  in  the  set  of  points  outside  the 
surface  of  the  Earth,  ft.  Subsets  of  such  a  space  may  be  equipped  with  an  inner 
product,  and  may  become  a  so-called  reproducing  kernel  Hilbert  space.  The 
reproducing  kernel  is  a  mapping 

KM  x  n-+R 

with  values  K  (P,  Q),  P,  Q  e  ft.  K  will  for  either  P  or  Q  fixed  be  a  harmonic 
function.  In  such  a  Hilbert  space  we  may  find  suitable  approximations  T  to  T. 
When  we  have  given  observation  (Xj),  which  are  related  to  T  through  linear 
functionals  (Lt)  then  we  may  require  that  T  agrees  with  these  values,  i.e., 

Lt<T)=Lt<T)=xt,        i  =  l,  ...,n  (2.2) 

The  only  condition  is  that  the  linear  functionals  are  elements  of  the  space  dual 
to  the  reproducing  kernel  Hilbert  space  (or  that  the  linear  functionals  applied  two 
times  on  K  (P,  Q)  with  respect  to  both  variables,  L,  (Lt  K  (P,  (?)),  is  a  finite 
number). 

It  is  in  principle  not  necessary  that  T  itself  is  an  element  of  the  Hilbert  space. 
This  means  that  the  area  of  harmonicity,  for  example,  may  have  a  sphere  as 
boundary.  We  will  in  the  following  presuppose  that  we  use  such  a  Bjerhammar- 
sphere,  which  will  have  a  radius  R(<  6,371  km). 

Many  approximations  will  exist  which  fulfill  the  collocation  condition,  equation 
(2.2).  We  may  select  one  by  requiring  it  to  have  the  least  possible  norm.  (This  will 
generally  correspond  to  a  condition  of  maximal  smoothness.) 
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This  approximation  T  is  then 

f(P)=  £  a ,!,.  (£(-,/>))  (2.3) 

with  the  constants  a ,  determined  as  the  solution  to  the  normal  equations 

{LiLjKi-,-)}  {a,  }=  {xs}  (2.4) 

Note,  that  the  condition  that  the  functionals  L,  are  elements  of  the  dual  to  the 
reproducing  kernel  Hilbert  space  assures  that  the  diagonal  of  the  normal  equation 
coefficient  matrix  consists  of  finite  numbers.  The  condition  for  the  solvability  of 
the  normal  equations  is  that  the  linear  functionals  are  linearly  independent 
regarded  as  elements  of  the  dual  space. 

Exactly  the  same  mathematical  model  can  be  used  for  the  approximation  of  Tc 
as  long  as  we  know  that  Tm  is  a  harmonic  function.  It  is  not  even  required  that  Tm 
is  a  specially  good  representation  of  the  potential  of  the  terrain  and  density 
anomalies.  Putting 

fc  =  f  -  Tm,  (2.5) 

we  have 

7*  =  faiLi(K(;P))  (2.6) 


{LtLsK(;  •)}  {a,}  =  {*,-I,(TJ}  =  {*?}  •  (2.7) 

For  "observed"   deflections  (£,  tj),   height   anomalies  (£)  or  free-air  gravity 
anomalies  (Ag)  (all  referring  to  a  geocentric  reference  system)  we  have 


dTc    1       >      dTm    1 

£ r  = =  €  +  — -  — 

d(f)    ry                d<f)    ry 

(2.8) 

dTc        1                   dTm        1 
d\    ry  cos</)                 d\    ry  coscf) 

(2.9) 

Tc            Tm 

ic  =  -  =  £  -  — 

y            y 

(2.10) 

A*'  =~?f--T<  =bg  +  d-^+-Tm  (2.11) 

dr        r  dr         r 

For  potential  coefficients  CcihScih  we  have  similar  equations.   However,  the 
contribution  from  Tm  cannot  easily  be  computed. 
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The  choice  of  an  appropriate  reproducing  kernel  Hilbert  space  (and  thereby  of 
K(P,  Q))  is  not  without  both  theoretical  and  practical  difficulties  (Tscherning  1976, 
1977).  In  practice  reproducing  kernels  which  approximate  the  so-called  empirical 
covariance  functions  has  proved  very  useful  (Tscherning  and  Rapp  1974;  Tschern- 
ing 1975a). 

In  case  T  had  been  an  element  of  the  Hilbert  space,  maximal  errorbounds 
could  have  been  computed  for  the  predicted  quantities  knowing  the  norm  of  T. 
Now,  as  this  will  generally  not  be  the  case,  we  will  have  to  look  for  other 
possibilities  for  estimating  the  error  of  prediction.  We  can  here  use  the  connection 
between  the  method  of  collocation  (as  carried  out  in  a  reproducing  kernel  Hilbert 
space)  and  the  method  of  least-squares  prediction  or  collocation  as  developed  by 
H.  Moritz  (1972).  Here  the  reproducing  kernel  is  equivalent  to  the  covariance 
function  of  the  anomalous  potential,  and  everywhere  we  above  have  written  L,  Lj 
K(-\-)  we  must  write  cov  (L,  (T),  Lj  (T)),  (i.e.,  cov  (AgP,  &gQ)  if  L,  (T)  =  &gP  and  Lj 
(T)  =  AgQ).  So  if  we  use  reproducing  kernels  which  approximate  (empirical) 
covariance  functions,  results  from  the  theory  of  least-squares  collocation  can  be 
used. 

Within  this  theory  the  mean  square  error  of  prediction  a2(L)  for  a  quantity 
L(T)  will  be 

a*(L)=LLK(-  ,  •)-  {LLtK('  ,  -)}T  {LtLjK(-  ,•)}-'  {LLSK(-  ,  •)}     (2.12) 

This  equation  gives  reasonable  error  estimates  (Tscherning  1975a)  and  is 
useful,  for  example,  when  evaluating  the  quality  of  the  predictions  which  may  be 
determined  from  a  given  set  of  observations. 

The  main  term  in  equation  (2.12)  is  LLK(-  ,  •),  which  can  be  interpreted  as 
the  mean  square  variation  of  the  quantity  L{T)  (e.g.,  1,800  mgal2  for  a  free-air 
gravity  anomaly  at  the  Earth's  surface). 

Alone  from  this  error  equation,  it  is  obvious  that  it  is  necessary  to  remove  as 
much  as  possible  of  the  gravity  field  variations  before  starting  to  compute 
predictions.  The  local  variations  we  hope  to  reduce  by  subtracting  the  effect  of  Tm. 
The  removal  of  global  or  regional  variations  is  called  removal  of  trend  in  the 
statistical  theory  of  linear  prediction. 

This  trend  removal  can  be  made  a  mathematically  rigorous  process  within  the 
framework  of  collocation,  and  we  get  the  method  of  stepwise  collocation  (Tschern- 
ing 1973  and  1974).  The  use  of  the  terrain  potential  Tm  will  make  no  difference 
here.  We  just  have  to  use  in  each  step  the  reduced  observations 

X{  —  Xj  —  Lj  (1  m)  =  Xj  —  x jm. 

Until  now  we  have  regarded  Tm  as  a  known  quantity.  However,  at  some  point 
we  have  to  choose  a  (realistic)  model  of  the  terrain  and  its  compensation.  Different 
types  of  problems  will  occur  depending  on  the  chosen  model. 

Generally  the  Airy-Heiskanen  isostatic  model  is  excellent.  The  so-called  indirect 
effect  is  relatively  small  (which  means  that  £c  is  small)  and  the  produced  field  very 
smooth  (the  global  variation  of  the  isostatic  gravity  anomaly  Ag°  is  only  of  the  order 
of  ±  20  mgal).  Furthermore,  the  model  is  physically  realistic,  easily  allowing 
modelling  of  known  density  anomalies  in  the  crust  (e.g.,  sedimentary  basins). 
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To  assure  the  harmonicity  of  Tm,  it  is  necessary  that  exactly  the  same  masses 
are  used  in  each  computation  of  Lt  (Tm).  This  is  best  done  by  taking  into  account 
the  whole  terrain  of  the  Earth.  Much  data  exist  which  have  been  reduced  this  way, 
and  expansions  in  spherical  harmonics  of  Tm  have  been  published  (Lachapelle 
1975a). 

When  working  in  a  small  area  it  is  not  necessary  to  remove  the  terrain  of  the 
whole  Earth.  Just  the  local  terrain  may  be  removed.  In  a  small  area  (extend  less 
than  2°)  we  should  be  able  to  ignore  the  effect  on  Cu,  Su  for  i  <  30  (however,  this 
is  a  point  which  must  be  further  investigated).  In  order  to  ensure  the  harmonicity 
of  Tm,  the  same  piece  of  terrain  must  be  used  in  each  evaluation.  Hence,  e.g.,  the 
local  isostatic  anomalies  only  calculated  out  to  the  Hayford  zone  02  (166.7  km) 
cannot  be  used,  because  the  terrain  taken  into  account  is  different  for  each  point 
considered. 

The  actual  method  of  calculation  of  Tm,  AgTO,  etc.  are  well  known  and  well 
described  in  the  literature.  The  classical  method  is  to  subdivide  the  area  around 
the  computation  point  in  "cylinders-compartments,  estimate  mean  heights  of  each 
compartment,  and  sum  up  the  contribution  from  each  sector.  An  increasingly  used 
and  more  computer-oriented  method  represents  the  terrain  as  arrays  of  rectangular 
boxes  of  varying  size.  Normally  each  quantity  (e.g.,  &gm)  has  to  be  calculated 
directly.  But  in  small  areas,  where  plane  approximation  can  be  used,  many 
different  quantities  may  easily  be  derived  from  one  calculation  of,  e.g.,  Tm,  using 
the  fast  Fourier  transform.  Unfortunately  time  has  not  permitted  us  to  make 
investigation  into  this  last  subject. 

Let  us  finally  note  that  attempts  have  been  made  to  construct  reproducing 
kernel  Hilbert  spaces  in  which  the  terrain  heights  or  density  anomalies  could  be 
considered  as  observed  values,  i.e.,  represented  by  linear  functionals,  which  were 
elements  of  the  dual  space.  (Grafarend  1970;  Tscherning  1974a,  1976a;  Jordan 
1977).  The  drawback  of  regarding,  e.g.,  the  heights  as  observed  quantities  is  that 
the  dimension  of  the  normal  equations  will  be  very  big. 


Test  of  Collocation  in  a  Small  Area  in  New  Mexico 

Results  of  tests,  where  the  method  of  collocation  has  been  used  for  the 
prediction  of  deflections  of  the  vertical  from  heterogeneous  data  have  been 
published  in  Tscherning  (1973,  1975)  and  Lachapelle  (1975,  1976,  1977).  These 
tests  have  shown  that  satisfactory  results  (prediction  error  <  ±  1")  can  be  obtained 
in  areas  with  a  smoothly  varying  topography. 

The  root-mean  square  variation  (r.m.s.v.)  of  topographic-isostatically  reduced 
deflections  of  the  vertical  (Reinhart  1968;  Elmiger  1969;  Bosch  and  Wolf  1974,  see 
table  1),  are  of  the  same  magnitude  as  the  r.m.s.v.  observed  in  areas  with  a  smooth 
topography.  So  we  should  in  theory  be  able  to  predict  deflections  of  the  vertical  in 
mountainous  areas  having  the  same  magnitude  of  the  prediction  error  as  occurring 
in  areas  with  a  smooth  topography  using  the  same  spacing  of  the  observation  data. 

We  naturally  wanted  to  see  this  confirmed  through  a  computation  test  with 
"rear'  data  from  an  area  with  a  strongly  varying  topography.  Such  a  data  set  was 
kindly  provided  to  us  by  R.  Fury,  National  Geodetic  Survey  (NGS). 

The  data  provided  consisted  of: 
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(A)  68  pairs  of  astro-geodetic  deflections  referring  to  NAD  1927  all  from  a  30'- 
square  with  south-west  corner  having  longitude  A.  =  -106°30',  latitude  $  =  32°. 
These  deflections  are  a  part  of  a  dataset  used  in  Morrison  (1977). 

(B)  Topographic  heights  from  the  same  30'-square  spaced  30"  apart  (~1  km). 

(C)  About  200  point  gravity  values  from  the  l°-square  with  south-west  corner 
having  </>  =  32°  and  k  =  -107°. 

A  set  of  datum  shift  parameters  for  the  area  (NAD1927-NWL9D)  was  also 
kindly  provided  by  NGS.  They  were  used  for  the  transformation  of  the  astrogeo- 
detic  deflections  to  a  geocentric  reference  system. 

Furthermore  R.  H.  Rapp,  Ohio  State  University,  provided  us  with  a  set  of  1° 
mean  free  air  gravity  anomalies  and  1°  mean  topographic  heights. 

As  seen  from  the  sketch  map  (fig.  1)  the  1°  x  l°-square  is  quite  flat,  except 
for  the  Organ/San  Andres  mountains  which  go  approximately  north-south  in  the 
middle  of  the  square,  and  raise  700  to  1,500  m  from  the  surrounding  plateau. 
Supplementary  heights  were  read  from  an  old  1:500,000  aeronautic  map,  which 
was  the  only  one  we  could  get  owing  to  lack  of  time.  Consequently  rather  large 
errors,  especially  in  &gm  are  to  be  expected  compared  to  the  "true"  values,  but 
this  only  affects  the  method  in  such  a  way  that  we  must  expect  our  model  Tc  to  be 
less  "smooth"  than  the  "actual"  Tc. 

We  first  used  the  method  of  stepwise  collocation  with  unreduced  data.  The 
approximation  T  was  in  this  case  determined  as  the  sum  of  three  harmonic 
functions, 

f  =  fo  +  fj  +  f2  (3.1) 

T  is  simply  given  through  a  set  of  potential  coefficients.  We  chose  here  the 
coefficient  set  known  as  Goddard  Earth  Model  8  (GEM8)  (Wagner  et  al.  1976).  fl 
was  then  constructed  using  equations  (2.3)  and  (2.4)  with  a  set  of  1°  mean  free  air 
gravity  anomalies  from  which  the  contribution  of  GEM8  had  been  subtracted.  The 
gravity  anomalies  covered  an  ll°-square,  with  the  above-mentioned  l°-square  in 
in  the  middle.  As  a  reproducing  kernel  we  used  the  (covariance)  function 
recommended  in  Tscherning  and  Rapp  (1974),  but  with  the  first  20-degree- 
variances  put  equal  to  zero, 

«■<"•  <" - 1,  j^kas®" "■«-*>■ 

where  Rt  is  the  radius  of  the  Bjerhammar-sphere  (=  6,369.88  km),  ax  =  425.28 
mgal2,  r,  r'  the  distances  of  P,  Q,  respectively,  from  the  origin,  \p  the  spherical 
distance  between  P  and  Q,  and  P,  the  V th  Legendre  polynomial.  (See  (table  2)  for 
values  of  some  of  the  covariance  functions  which  may  be  derived  from  this 
reproducing  kernel.) 

In  the  following  step,  T2  was  determined  using  two  slightly  different  datasets: 

(a)  98  point  gravity  values  all  within  the  above  mentioned  l°-square  spaced 
approximately  6'  apart, 

(b)  the  same  98  gravity  values  and  four  pairs  of  deflection  components  situated 
as  near  as  possible  to  the  corners  of  the  30'  square. 
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32°  N 


Figure  1. 


White  Sands  missile  range  test  area.  Scale  1:1,000,000,  contour  interval  500  m.  Data  used 
in  the  collocation  are  indicated. 
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TABLE  2. — Mean  values  and  root  mean  square  variations  of  observed  and  topographic lisostatic  reduced 
gravity  anomalies  and  deflections  of  the  vertical. 


kg  (mgal) 


£ (arcsec) 


r)  (arcsec) 


mean        r.m.s.v.        mean        r.m.s.v.        mean        r.m.s.v. 


Observed     —16.7 

Compensation  depth  30  km 29.9 

Compensation  depth  45  km 40.2 

Topography  alone 161.9 


19.4 

-1.58 

1.84 

-3.05 

5.42 

10.6 

0.96 

1.49 

3.84 

2.78 

10.4 

0.62 

1.50 

3.49 

2.71 

10.8 

-1.23 

2.07 

1.93 

3.33 

Using  the  98  gravity  anomalies  from  which  the  effect  of  f0  +  7\  had  been 
subtracted,  the  empirical  covariance  function  was  estimated,  see  figure  2.  This 
function  was  then  approximated  (using  the  value  for  i//  =  0  and  the  first  zero-point) 
with  an  analytic  expression 


k.ap,Q)=  y 


a2R\ 


-01(i-l)(i-2)(i+24) 


(nr 


P,  (COS  l//) 


(3.3; 


where  R2  —  6,369.5  km  and  a2  —  200  mgal2.  The  graphs  of  the  derived  covariance 
function  of  the  gravity  anomalies 


cov 


,.        A     v        £        q2(i-l)      /«I\"2D 


(cos  l//) 


(3.4) 


and  the  covariance  function  of  the  ^-components  of  points  on  the  same  meridian 
(k,,  =  kQ) 

cov<^£Q)  =    V     ,     ''fry'        (*V\J1^   p,.(cosl//)         (3.5) 
,±i1(i-l)(i-2)(i+24)\rr7       d<t>,,d<t>Q 


are  shown  in  figure  2  and  figure  3,  respectively. 

Using  the  datasets  labelled  (a)  and  (b)  two  approximations  were  constructed 
again  using  equations  (2.3)  and  (2.4),  but  now  with  K2{P,  Q)  as  a  reproducing 
kernel.  The  two  functions  T(l  =  %  +  %  +  T2(,  and  %  =  T0  +  Tx  +  T2h  were  then 
used  for  the  prediction  of  68,  respectively  64  remaining  pairs  of  deflection 
components.  The  results  are  given  in  table  3.  The  maximal  error  amounted  to  8" 
(for  a  station  near  the  mountain  chain).  Note  that  the  mean  value  of  the  difference 
between  observed  and  predicted  deflections  is  relatively  big.  This  is  because  we 
have  not  used  any  point  gravity  values  outside  the  l°-square.  Earlier  computational 
experiments  indicate  that  this  is  the  main  reason  for  the  biased  results. 

For  these  computations  a  system  of  computer  programs  described  in  Tschern- 
ing  (1977a)  was  used. 

Exactly  the  same  kind  of  computations  was  then  carried  through,  but  now 
with  the  reduced  data,  equations  (2.5M2.7).  The  results  are  also  given  in  table  3. 
The  maximal  error  now  amounted  to  5"  for  the  station  mentioned  above. 

As  terrain  model  we  chose  the  topography  and  its  Airy-Heiskanen  isostatic 
compensation  of  the  "square"  sector  30°30'N  to  34°N,  1(H°30'E  to  108°E  using  30 
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O  observed  after  removal  of  the  effect  of  T0  and  T1 
A  observed  after  removal  of  the  efi 
D  used  approximation,  cf.  eq.  (3.4). 


A  observed  after  removal  of  the  effect  of  T0,  T-j,  and  Tm. 


A-  -+ — A <— , 


FIGURE  2. — Gravity  anomaly  covariance  functions. 


Mf 


arc  sec 


FIGURE  3. — Used  covariance  function  for  the  ^-component  of  the  deflection  of  the  vertical  in  a  N-S 

azimuth. 
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TABLE  3. — Results  of  predictions  using  Ta,  Tb,  T  ca 

£  (arcsec)  17  (arcsec) 


Original  data 

Prediction  error  t n. 
Prediction  error  t b. 
Prediction  error  T'a 


mean 

r.m.s.v. 

mean 

r.m.s.v. 

-1.58 

±1.84 

-3.05 

±5.42 

-1.24 

1.35 

1.49 

1.49 

-0.65 

1.19 

0.99 

1.47 

-1.09 

0.71 

1.79 

1.01 

km  as  condensation  depth.  The  sector  was  digitized  in  compartments  0.5'  by  0.5', 
5'  by  5',  or  15'  by  15'.  Agm,  fm  and  17  m  were  then  calculated  with  the  terrain  and 
its  compensation  represented  by  rectangular  boxes,  using  a  general-purpose 
geodetic  terrain  correction  program,  which  calculates  the  effect  of  a  box  using  the 
cumbersome  analytical  expressions  (Ehrismann  et  al.  1966)  or  more  handy 
approximative  formulas,  depending  on  the  accuracy  wanted.  To  reproduce  the 
terrain  in  the  vicinity  of  the  computation  point,  the  terrain  data  around  the  station 
was  interpolated  using  a  two-dimensional  bicubic  spline  and  then  integrated  using 
the  interpolated  heights.  This  procedure  has  given  very  satisfactory  results 
concerning  the  influence  of  the  "inner  zones."  But,  unfortunately,  data  lying 
outside  the  innermost  30'  square  were  only  reduced  using  5'  by  5'  and  15'  by  15' 
mean  height  data,  because  of  lack  of  detailed  terrain  data.  However,  owing  to  the 
mostly  rather  smooth  local  terrain,  the  error  in  neglecting  the  variation  in  the  inner 
zone  for  these  stations  is  estimated  to  be  below  a  few  mgal. 

In  addition  to  the  production  of  point  values  of  Agm,  £w  and  17 m  also  1°  by  1° 
mean  values  Agm  were  estimated.  However,  the  influence  on  the  GEM8  coefficients 
were  set  to  zero. 

The  graph  of  empirical  covariance  function  of  the  terrain  corrected  gravity 
anomalies  is  shown  in  figure  2.  It  would  maybe  have  been  reasonable  to  change 
the  kernel  K2(P,  Q),  but  this  was  not  done,  because  the  change  mainly  would  have 
been  a  multiplication  with  a  scalar  factor.  (This  had  the  advantage  that  the  reduced 
normal-equation  matrix  could  be  used  again  with  a  new  right-hand  side.) 

The  bias  we  have  seen  for  the  predicted  values  is  naturally  a  severe  problem 
in  areas  where  gravity  is  not  available  in  neighbouring  areas  (because  of  ice,  sea, 
or  national  boundaries).  When  comparing  solution  Tn  with  Th  we  saw  how  the 
introduction  of  a  few  deflections  made  the  bias  decrease.  It  is  reasonable  to  expect 
that  the  use  of  Doppler-determined  geoid  undulations  will  have  the  same  effect, 
and  computation  experiments  with  the  purpose  of  confirming  this  are  in  progress. 

We  will  not  here  quote  any  values  of  used  computer  time,  as  the  program 
system  used  has  not  been  optimized  for  deflection  prediction  as  was  the 
FORTRAN-program  published  in  Tscherning  (1974).  In  this  publication  (table  2) 
are  given  different  values  of  the  total  processing  time  for  the  collocation  step  only 
(computation  of  L,(rm)  cannot  be  done  using  this  program  system).  Using  this 
program  system  one  pair  of  deflection  components  was  predicted  in  less  than  0.5 
second,  using  a  slightly  bigger  number  of  observations. 
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Discussions  of  the  Results 

The  application  of  collocation  lor  the  prediction  of  deflections  of  the  vertical 
has  many  advantages  when  compared  with  the  integral  formulae  solutions  to  the 
boundary  value  problem: 

(1)  Different  data-types  can  be  used, 

(2)  data  need  not  be  spaced  in  a  regular  grid, 

(3)  all  approximations  are  explicitly  defined, 

(4)  prediction  errors  may  be  estimated. 

The  only  drawback  seems  to  be  that  a  set  of  normal  equations  will  have  to  be 
solved.  But  note  that  the  dimension  of  the  sytem  of  normal  equations  can  be 
substantially  reduced  using  the  stepwise  collocation  method  (Tscherning  1974). 

Now,  collocation  is  not  the  only  method  which  have  the  above-mentioned 
advantages.  If  we  give  up  the  requirement  that  error-free  observations  must  be 
exactly  reproduced  (eq.  (2.2)),  then  we  can  use  different  approximation  methods 
for  the  determination  of  Tc.  An  especially  well  suited  method  is  the  method  of 
least-squares  approximation  in  a  finite  dimensional  vector  space.  Such  a  vector 
space  may,  for  example,  consist  of  all  linear  combinations  of  harmonic  functions 
generated  by  n  unit  point-masses,  hh  i  =  1,  .  .  .  ,  n.  Then 

r(P)=Jialh,{P)  (4.1) 

and   the   coefficients   are   determined   by   a  least-square   principle  from   a   set   of 
observations  xc{  =  L,(7V),  i  =  l,  .  .  .  ,N,  i.e., 

{L^D-x'iVlP^iL^D-x'i} 

=  \^aiLi(hj)-x(;\     {Pu}\  i^MfcjJ-jtfj  (4.2) 

=  min, 


where  Pu  are  "weights." 

This  type  of  technique  has  been  discussed  in  Fischer  (1974,  1975)  and  Fischer 
and  Wyatt  (1974)  and  seems  to  be  very  promising  for  the  prediction  of  deflections 
at  sea,  where  big  volumes  of  known  density  (seawater)  can  be  used.  Results 
obtained  on  land  areas  by  Wassouf  (1975),  who  used  a  slightly  different  method, 
indicate  that  the  method  also  may  give  good  results  on  land. 

The  main  disadvantages  of  using  equations  (4.1)  and  (4.2)  compared  with  the 
method  of  collocation  seem  to  be  that  the  prediction  error  cannot  be  expressed 
through  a  simple  equation  such  as  equation  (2.12),  and  that  the  approximation  may 
oscillate  between  data  points.  However,  it  is  these  two  disadvantages  which  have 
made  us  here  choose  to  use  collocation  for  prediction  purposes. 

The  results  using  the  Vening-Meinesz  or  Molodensky  integral  formulae  in 
mountainous  areas  reported,  e.g.,  in  Pick  and  Pola  (1967)  or  Tengstrom  (1971) 
seems  all  to  be  based  on  a  dense  gravity  network  and  a  very  detailed  topographic 
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mapping  near  the  points  of  computation.  Here  it  really  seems  that  collocation  using 
topographic-isostatic  reduced  data  could  be  used  with  advantage. 

Generally  it  may  be  too  optimistic  to  expect  a  decrease  in  the  r.m.s.v.  of  the 
gravity  anomalies  to  ±10  mgal  and  of  the  deflections  to  ±2"  when  removing  the 
effect  of  Tm  as  seen  in  the  test  described  in  section  3.  (However,  note  that  we  here 
are  discussing  the  variations  in  a  very  limited  area.)  In  the  Alps  these  variations 
have  been  reduced  to  about  ±4"  (table  1). 

Let  us  then  suppose,  that  this  reduction  has  been  done,  and  that  we  want  to 
predict  deflections  of  the  vertical  with  an  r.m.s.  error  of  ±1".  This  corresponds  to 
a  value  of  25  percent  for  the  ratio  (p)  between  the  r.m.s.v.  and  r.m.s.  prediction 
error.  From  Tscherning  (1975a,  fig.  5d)  we  can  then  see  that  this  will  require  a 
spacing  of  gravity  values  with  a  distance  of  about  5'  or  10  km  (if  we  can  presuppose 
that  the  reduced  gravity  anomalies  have  the  same  covariance  functions  as  used  in 
the  referenced  paper).  In  the  present  investigation  we  have  seen  that  the  reduced 
gravity  anomalies  becomes  slightly  more  uncorrelated  (fig.  2).  So  a  data  spacing  of 
between  3'  or  4'  seems  to  be  necessary  in  alpine  areas.  This  corresponds  very  well 
to  the  results  reported  by  Bosch  and  Wolf  (1975),  who  predicted  deflections  of  the 
vertical  with  an  r.m.s.  error  of  ±0'.'6  using  deflections  spaced  2 '.5  apart. 

So  we  may  here  conclude  that  deflections  of  the  vertical  may  be  predicted 
using  collocation  with  errors  of  the  same  magnitude  as  seen  using  the  integral 
formula  technique,  but  using  less  (geodetically)  observed  data. 

The  Danish  Geodetic  Institute  is  in  cooperation  with  the  Greenland  Geological 
Survey,  now  executing  a  combined  topographic-geological  mapping  of  northern 
Greenland.  An  alpine  mountain  chain  of  moderate  height  is  crossing  the  area 
which  is  being  mapped.  Here  deflections  of  the  vertical  can  be  expected  to  have 
an  r.m.s.v.  of  ±3",  when  reduced  by  the  effect  of  the  topography.  This  should  be 
possible  in  practice,  because  it  is  planned  to  produce  digital  maps  of  the  area. 
There  will  be  a  minor  problem  because  of  the  Greenland  Ice-Shield,  but  it  is 
hoped  that  the  ice  thickness  recordings  will  be  continued  so  that  also  this  area  is 
covered. 

If  the  deflections  of  the  vertical  are  required  to  be  known  in  this  area  with  an 
r.m.s.  error  of  ±1"  then  (using  Tscherning  (1975a,  fig.  5d))  we  see  that  gravity 
observations  must  be  spaced  with  a  distance  smaller  than  15  km  ~  8'.  This  will 
also  assure  that  geoid  undulations  obtained  by  Doppler  techniques  can  be 
interpolated  with  an  accuracy  better  than  ±  1  m  even  if  they  are  spaced  150  km 
apart.  The  maximal  distance  which  can  be  accepted  is  about  25  km,  which  is  the 
approximate  value  of  the  first  zero-point  of  the  empirical  covariance  function  of  the 
reduced  gravity  anomalies,  i.e.,  the  distance  in  which  the  anomalies  may  be 
considered  as  uncorrelated. 
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Discussion 

Lachapelle:  Will  you  be  able  to  predict  the  deflections  in  Greenland  in  time  for  the  new  adjustment? 

Tscherning:  Probably  in  Northern  Greenland  we  will  have  the  deflections  in  time.  In  western  Greenland, 
deflections  with  1"  accuracy  will  probably  not  be  needed  for  all  points  in  the  adjustment.  I  don't  see 
much  of  a  problem  here. 
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Abstract:  Model  II  Analysis  Of  Variance  (ANOVA)  methods  have  been 
used  to  analyze  repeat  determinations  of  astronomic  latitude,  longitude, 
and  azimuth  to  derive  accuracy  estimators.  We  found  that  these  astro- 
nomic observations  are  significantly  degraded  by  systematic  errors.  Our 
studies  concluded  that  the  accuracy  of  the  National  Geodetic  Survey 
latitude  determinations,  using  the  differential  zenith  distance  method,  has 
changed  minimally  over  the  more  than  125  years  of  observational  history. 
Relatively  simple  equations  for  computing  the  estimated  accuracy  of 
latitude  determinations  are  derived. 

The  history  of  longitude  determinations  is  comparatively  complex. 
Discontinuities  exist  owing  to  the  introduction  of  new  catalogs,  changes  in 
the  accepted  longitude  of  the  U.S.  Naval  Observatory  (USNO),  and 
technological  improvements  in  the  keeping,  distribution,  and  recording  of 
time.  Accuracy  estimators  have  been  derived  for  the  several  distinctive 
periods  within  the  total  time  span  of  the  data.  Our  studies  found  an 
unexpectedly  high  observer  bias,  or  personal  equation,  error  component 
in  astronomic  azimuth  determinations.  The  accuracy  estimates  developed 
during  these  studies  have  been  incorporated  into  the  astronomic  data 
base  to  be  used  in  generating  a  priori  weights  for  the  NAD  new 
adjustment. 


Introduction 

Geodetic  astronomy  will  play  a  fundamental  role  in  the  new  adjustment  of  the 
North  American  Datum  (NAD),  through  Laplace  orientation,  geoidal  separation, 
and  deflection  corrections  to  horizontal  angle  measurements.  In  addition,  astro- 
nomic positions  will  be  incorporated  with  several  other  types  of  geodetic  data  to 
establish  the  correct  coordinate  system  to  which  the  new  NAD  will  be  referenced. 

To  support  this  endeavor,  the  National  Geodetic  Survey  of  the  National  Ocean 
Survey,  NOAA,  will  be  using  astronomic  position  data  for  about  5,000  stations 
observed  over  roughly  125  years.  Over  such  a  long  period,  it  is  inevitable  that 
changes  and  improvements  have  taken  place  in  instrumentation,  observation 
programs,  star  catalogs,  and  time  signals.  These  changes,  primarily  in  star  catalogs 
and  time  signal  information  resulted  in  heterogeneities  in  the  astronomic  data 
which  had  to  be  removed  prior  to  our  error  analyses. 
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It  has  long  been  recognized  that  the  formal  statistics  routinely  obtained  from 
astronomic  observations  are  not  good  estimators  of  accuracy.  Many  investigators 
have  concluded  that  such  measurements  are  seriously  affected  by  systematic 
errors  such  as  personal  and  instrument  biases,  and  anomalous  refraction.  Conclu- 
sions reached  from  our  error  analysis  further  reinforce  the  results  of  these 
investigators. 

NGS  recognized  that  astronomic  observing  programs  were  not  specifically 
designed  for  detailed  statistical  analysis.  After  numerous  studies  failed  to  isolate 
significant  error  contributions  for  specific  sources  such  as  observer  or  instrument 
biases,  we  concluded  that  it  would  be  necessary  to  limit  ourselves  to  a  rather 
simple  two-parameter  ANOVA  model.  The  two  parameters  represent  the  internal 
or  random  component  and  the  external  or  systematic  component.  The  internal 
component  is  the  formal  precision  routinely  obtained  from  the  observations,  while 
the  external  component  is  a  combination  of  the  observer  and  instrumental  and 
local  anomalous  biases. 

Latitude 

Latitude  observations  based  on  the  differential  zenith  distance  method  (also 
called  the  Horrebow-Talcott  method)  have  been  used  by  NGS  as  its  standard 
method  since  1851  and  remains  in  use  today.  (A  modified  version  of  the  Sterneck 
method  is  now  being  investigated  as  a  possible  standard  for  the  near  future.) 

After  the  application  of  suitable  catalog  corrections  to  latitude  determinations, 
we  have  found  that  the  accuracy  of  NGS  astronomic  latitudes  has  changed  very 
little  over  the  125  years  of  observations.  Tables  1  and  2  illustrate,  respectively,  the 
various  catalogs  used  for  specific  periods  and  average  systematic  differences  in  the 
catalogs.  The  catalog  correction  actually  applied  to  latitude  determinations  were 
taken  from  the  source  tables  for  each  star  using  that  star's  right  ascension  and 
declination  as  arguments. 

The  analysis  of  these  corrected  latitudes  has  shown  that  there  is  no  significant 
variation  attributable  to  specific  periods  in  either  the  internal  or  external 
components.  To  illustrate  the  analytical  results  concerning  specific  periods,  we 
found  that  the  standard  error  of  a  single  star  pair  varied  from  ±0.60"  (arc  sec)  for 
the  period  1847-1914  to  ±0.70"  from  1915  to  the  present.  This  would  appear  to 
imply  that  older  latitude  determinations  actually  have  higher  precision  than  present 
latitude  determinations.  This  may  be  true  since  multiple  observations  of  each  star 
pair  were  routinely  included  in  the  older  determinations  thus  compressing  certain 
error  contributions,  such  as  pointing  errors.  Table  3  illustrates  the  variability 
obtained  for  the  various  periods,  the  associated  instrument  types,  and  star  catalogs. 

TABLE  1. — Catalogs  used  in  latitude  determination. 

Stations  Catalogs  Catalog  system 

Period  determined  used  for  latitudes 


1846  to  1907 

1,003 

Various  (48) 

Various 

1908  to  1939 

885 

PGC  (Boss) 

FK3  (Quasi) 

1940  to  1967 

1,693 

GC  (Boss) 

FK3  (Quasi) 

1968  to  Present 

1,270 

SAO 

FK4  (Quasi) 
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TABLE  2. — Systematic  differences  in  catalogs  declination  zone  (0°  -  80°). 
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Cat  (A)  -  Cat  (B) 

Epoch  T0 

A8" 

100  A/x" 

Source 

FK3  -  PGC 
FK3-GC 
FK4  -  FK3 

1925.0 
1950.0 
1950.0 

+  0.33 
+  0.17 
+  0.004 

+  0.16 
+  0.22 
+  0.02 

Nowachi's  tables 
Kopff  &  Brosehes 
Kopff  s  tables 

TABLE  3. — Statistical  variability  of  latitude  determinations . 


Period 


Instrument 


Star 
Catalog 


a 

Star  pair 
(Sec.  of  arc) 


1847  to  1907 ZT,  MT,  VT 

1908  to  1914 ZT 

1914  to  1939 Bamberg 

1940to  1956 Bamberg 

1957  to  1967 T^l 

1968  to  Present     T-4 


Various 

0.65 

PGC 

0.50 

PGC 

0.70 

GC 

0.72 

GC 

0.71 

SAO 

0.62 

Table  6  gives  the  equation  for  computing  latitude  accuracy  estimators.  The 
best  standard  error  estimates  resulting  from  a  general  analysis  of  NGS  latitudes 
are  also  given  for  the  two  error  components. 

Longitude 

The  analysis  of  longitude  observations  was  extremely  complex.  This  was  due 
not  only  to  changes  in  method,  from  telegraphic  to  radio,  but  to  changes  in  catalogs 
and  longitudes  used  by  the  USNO  Time  Service  Division.  To  remove  these  two 
discontinuities  from  NGS  longitudes,  it  was  necessary  to  apply  the  proper 
combination  of  systematic  catalog  corrections  and  systematic  longitude  corrections. 
These  individual  corrections  and  the  combined  (total)  longitude  correction  neces- 
sary to  place  NGS  longitudes  on  the  desired  FK4  and  Conventional  International 
Origin  (CIO)  systems  are  shown  in  table  5. 

The  actual  process  of  combining  these  two  corrections  is  somewhat  subtle  due 
to  the  methods  used  by  USNO  in  referring  their  Photographic  Zenith  Telescope 
(PZT)  star  catalog  system  to  the  FK4  system  (Hughes  et  al.  1975). 

The  Washington  (USNO)  and  Richmond  Naval  Observatory  Timing  Sub- 
Station  (NOTSS)  PZT  catalog  corrections  necessary  to  refer  to  the  FK4  system 
are  given  by  (McCarthy  1973)  as: 


(FK4  -  PZT)u, 


USNO 


-o':i8 


(FK4  -  PZT)N0Tss  =  +0-24 

Rather  than  applying  these  systematic  differences  directly  to  the  PZT  right 
ascension  system,  they  were  applied,  by  USNO  with  appropriate  signs  to  the 
respective  PZT  longitudes.    While  this   procedure  is   effective  in   maintaining 
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Table  4. — Secular  trend  of  statistics  associated  with  longitude  determinations. 


Degrees  of 

Significance 

Period 

*5 

freedom 

<x2r 

Dof 

of  period 

1975.5 

52 

0.000494 

13 

S2 

0.000247 

1% 

Introduction  of  digital  recorder 

1962-1975.5 

0.000671 

95 

0.000577 

242 

Adoption  of  1968  BIH's 

1948-1962 

0.000544 

68 

0.000780 

267 

Adoption  of  WWV  signals 

1934-1948 

0.001283 

84 

Introduction  of  PZT 

1922-1934 

0.001170 

148 

continuity  of  Universal  Time  (UTO-UTC),  it  has  unfortunately  caused  some 
confusion  within  the  geodetic  community  by  the  alteration  of  the  classical 
geometric  definition  of  longitude.  This  confusion  is  compounded  by  certain 
qualifications  used  in  defining  and  maintaining  the  1968  Bureau  International  de 
l'Heure  (BIH)  system  (Guinot  et  al.  1969). 

Because  of  this  confusion  and  the  need  to  minimize  inconsistencies  within  the 
NGS  system  of  determined  longitudes,  we  have  concluded  that  the  longitude  best 
representing  the  USNO  PZT's  would  be  obtained  by  direct  linkage  to  the  BIH 
system,  using  similar  observational  techniques  and  instrumentation  routinely  used 
by  NGS. 

The  NGS-adopted  longitude  (77°03'55'.'776)  used  to  define  the  systematic 
longitude  corrections,  given  in  table  5,  is  based  on  135  longitude  sets,  performed  in 
1966,  1975,  and  1976  by  eight  different  observers  with  four  different  instruments. 

Table  5. — Systematic  catalog  collections . 


Period 


[FK4  -  CAT]USN()    [FK4-CAT]NGS      a«v 


AA, 


1922-1934  FK1  -  EICH 

1934-1940  FK4  -  PZT 

1940-1950  FK4-PZT 

1950-1962  FK4  -  PZT 


FK4- 

-  EICH 

+  0'.'09 

+  0T09 

O'.'OO 

FK4- 

-  EICH 

-0.18 

+  0.16 

-0.34 

FK4- 

-FK3 

-0.18 

+  0.03 

-0.21 

FK4- 

-  FK3 

+  0.18* 

+  0.04 

+  0.14 

Systematic  longitude  corrections 


Period 


AA, 


1922-1950 
1950-1962 


0?33 
0?61 


Effective  longitude  corrections 


Period 


AA, 


1922-1934    

-  0?33 

1934-1940    

-0.67 

1940-1950    

-0.54 

1950-1962    

-  0.47 

Nominal  correction 

-0.50 

*  Based  on  weighted  catalog  differences  of  USNO  &  NOTSS. 
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Tablk  6. — Accuracy  of  estimators . 
Latitude  accuracy  estimators. 

<x«,  =  [(&rf/n  +  (ex,)2]* 
&r=  ±  0772 
<x,  =  ±  0726 

Longitude  accuracy  estimators 

c3"a  =  [i^rfln  +  (&sf/k^ 
Period  crr  ex, 

1922-1962 ±  [(0.'57)2  -  (O'.W'T,.,,,, h  -  1922)]*  ±  0737 

1962-1975.5 ±  0736  ±  0737 

1975.5— ±  0.'24  ±0:37 

Azimuth  accuracy  estimators 

frA  =  [(&rf/n  +  (<xsW 

&r=  ±  177 
ag  =  ±  174 

n  =  number  of  star  pairs;  star  sets;  observations  (positions). 

k  =  number  of  observers. 

k'  =  number  of  observers:  instrument  combinations. 

This  longitude  places  the  USNO  PZT  meridian  0.135"  west  of  the  value  assigned 
by  BIH  in  the  definition  of  the  1968  BIH  system. 

This  same  NGS-adopted  longitude  was  also  used  in  an  unconstrained  (free) 
readjustment  of  all  suitable  telegraphic  longitudes  listed  by  (Beall  1925)  to  refer,  in 
the  best  possible  way,  these  determinations  to  the  FK4  and  CIO  systems.  The  post 
priori  standard  errors  resulting  from  the  adjustment  are  considered  adequately  to 
represent  these  longitudes  without  modification.  Collectively,  the  standard  error  of 
unit  weight  for  this  adjustment  was  ±0'.'52. 

In  the  generalized  statistical  analysis,  selection  of  suitable  longitudes  were 
based  on  multiplicity  of  observers,  regional  (conterminous)  distribution,  and 
significant  periods  of  time.  All  stations  having  redeterminations  were  also  included. 

Table  4  gives  the  results  of  this  analysis  for  specific  periods  of  time  with  the 
corresponding  degrees  of  freedom.  The  external  component  {&2S)  shows  no 
statistically  significant  secular  trend;  however,  there  is  a  statistically  significant 
trend  associated  with  the  internal  component  (cr>).This  is  as  a  result  of 
improvements  in  catalogs,  time  signal,  and  field  instrumentation.  The  internal 
component  for  the  period  1922-62  is  adequately  expressed  as  a  linear  function  of 
time  in  the  form 

6-2^0  +  MT-To) 

where  T  is  expressed  in  years,  and  T0  =  1922. 

Table  6  gives  the  best  estimate  of  the  two-error  components  for  longitudes 
determined  by  NGS.  The  tabulated  (&2S)  is  the  pooled  result  of  the  three  periods 
given  in  table  4. 
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Azimuths 

Astronomic  azimuths  used  by  NGS  for  orientation  of  geodetic  networks  have 
been  observed  primarily  by  the  "direction  method,"  as  detailed  in  (Hoskinson  et 
al.  1947).  This  method  essentially  follows  the  same  process  as  the  measurement  of 
any  horizontal  angle  with  a  directional  theodolite.  The  star  (Polaris)  is  routinely 
observed  as  an  integral  part  of  the  horizontal  directions  observed  by  triangulation 
teams  with  the  additional  requirement  of  recording  the  time  of  stellar  pointing, 
which  is  needed  in  the  computational  process. 

NGS  specifications  for  a  "first-order"  azimuth  determination  require  observa- 
tions on  at  least  2  nights,  yielding  a  standard  error  of  ±0.45".  Repeated 
determinations  of  an  azimuth  indicate  that  the  formal  standard  error  associated 
with  first-order  determinations  is  not  a  good  estimator  of  the  accuracy  of  the 
azimuth.  The  process  is  obviously  affected  by  significant  systematic  errors. 

In  an  effort  to  decompose  the  azimuth  error  budget  and  derive  a  better 
accuracy  estimator,  we  analyzed  data  from  a  special  azimuth  test  program 
conducted  in  Florida  during  April  1971.  Simultaneous  astronomic  azimuth  deter- 
minations were  made  with  the  following  theodolites:  three  Wild  T-3,  one  Wild  T- 
4,  and  one  Kern  DKM3A.  Nine  observers  participated  in  this  test.  Observations 
were  made  on  three  different  nights.  In  subjecting  these  data  to  ANOVA  studies 
for  possible  identification  of  instrument,  observer,  and  nightly  biases  we  found 
observer  bias  (personal  equation)  was  significant  at  the  99+  percentile,  with  ±0.82 
arc  second  as  the  standard  deviation.  This  analysis  indicates  that  personal  biases 
as  large  as  a  few  seconds  may  exist  even  under  identical  observing  conditions  and 
using  common  instruments. 

On  further  investigation  of  systematic  biases,  we  analyzed  azimuths  observed 
on  the  Transcontinental  Traverse  by  two  different  observers  using  different 
theodolites  on  different  nights.  In  this  case,  we  found,  after  correction  for  personal 
equation,  significant  instrument  bias  associated  with  one  theodolite. 

From  a  general  analysis  of  NGS  azimuth  observations,  involving  both  short- 
and  long-interval  repeat  determinations,  we  have  concluded  that  singular  estimates 
of  the  two-error  components  are  probably  very  representative  of  typical  NGS 
azimuth  determinations.  In  addition,  without  a  priori  knowledge  of  personal  bias, 
we  feel  that  it  is  reasonable  to  assume  a  reduction  in  the  systematic  component 
based  on  the  number  of  observers  involved  in  an  azimuth  determination. 

Table  6  gives  the  equations  and  component  standard  errors  for  computing  the 
estimated  accuracy  of  NGS  azimuth  determinations. 


Summary 

The  application  of  corrections  to  NGS  astronomic  positions  to  remove 
discontinuities  and  to  refer  these  positions  to  the  FK4  and  CIO  systems  has  been 
realized. 

The  accuracy  estimators  given  in  table  6  are  considered  to  represent  realistic 
accuracy  estimators  essential  to  proper  apportionment  of  a  priori  weights  to  be 
used  in  the  NAD  readjustment.  Accuracy  statements  based  on  these  estimators 
have  been  incorporated  into  the  NGS  astronomic  data  files  for  this  purpose. 
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Discussion 

Kouba:  What  would  you  suggest  for  the  observed  data  after  1962  to  remove  this  NAD  comparability 
correction? 

Pettey:  Perhaps  the  best  person  to  answer  this  is  Dr.  McCarthy,  the  next  speaker.  However,  our 
problem  was  essentially  eliminated  in  1962  when  we  adopted  the  BIH  system.  This  information  was 
published  in  the  BIH  Annual  Report  for  1970,  which  gives  reduced  polar  motion  values  and  UT1 
corrections  for  1962  through  1967.  We  reduced  or  corrected  our  longitudes  and  all  astro  positions  to  the 
BIH  system  from  1962  to  the  present.  I  don'  know  how  you  would  address  the  63-4  period.  Since  this 
was  not  our  problem,  I  did  not  look  at  this  period. 
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Abstract:  The  accuracy  of  a  system  of  astronomic  longitude  depends  on 
the  accuracy  with  which  the  orientation  of  the  Earth,  in  some  fixed 
coordinate  system,  is  known.  One  of  the  angular  measures  used  to  define 
this  orientation  is  the  difference  between  the  rotational  time,  UTl,  and  a 
uniform  time  scale,  UTC.  The  accuracy  of  the  U.S.  Naval  Observatory 
system  of  UTl—UTC  is  discussed.  The  system  of  UTl—UTC  derived  by 
the  Bureau  International  de  l'Heure  is  described. 

Introduction 

Astronomic  longitude  is  typically  determined  from  an  expression  similar  to 

A  =  a  +  h  -  T  +  A\p  -  AAg        (Mueller  1969)  (1) 

where  a  =   apparent  right  ascension  of  the  observed  star,  corrected  for  diurnal 

aberration, 
h  =   observed  hour  angle  of  the   star  at  the  instant   of  observation, 

corrected  for  personal  equation, 
T  —   Greenwich  sidereal  time  of  observation, 
AA„  =   correction  to  the  longitude  for  the  position  of  the  pole  with  respect 

to  the  Conventional  International  Origin  (CIO), 
AAg  =   correction   to   the  longitude   of  the   reference   meridian  for  the 
position  of  the  pole. 

Generally,  T  is  derived  from  a  clock  which  is  keeping  Coordinated  Universal  Time 
(UTC).  This  can  be  accomplished  with  the  relationship 

T  =  Tc  +  yUTl-UTC)  +  (sidereal  time  -  UTl),  (2) 
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where         Tc  =   UTC   time  of   observation,   including  any   clock   offset   and  drift 
corrections, 
UTl—UTC  =   difference  between  the  rotational  time  scale,  UTl,  and  the  UTC 
time  scale, 

and  (sidereal  time — UTl)  is  computed  using  an  almanac  or  some  similar  method. 

The  terms,  AA„  and  UTl—UTC,  reflect  the  angular  orientation  of  the  Earth 
with  respect  to  a  coordinate  system  that  is  defined  by  the  adopted  positions  and 
motions  of  the  stars.  The  term,  AA„,  represents  the  correction  for  the  angular 
orientation  of  the  rotation  axis  in  space.  This  correction  can  only  be  determined 
observationally  and  it  includes  the  free  and  forced  motion  of  the  pole,  together 
with  the  effects  of  any  systematic  errors  in  the  nutation  series. 

UTl—UTC  can  be  determined  from  expressions  (1)  and  (2)  if  a  value  for  the 
astronomic  longitude  of  the  instrument  can  be  assumed.  As  an  example,  let  us 
look  at  the  method  of  time  determination  with  a  photographic  zenith  tube  (PZT) 
that  has  been  in  use  at  the  U.S.  Naval  Observatory  since  1934.  Other  types  of 
instrumentation  have  been  used  and  are  currently  being  employed,  for  the 
determination  of  UTl—UTC,  but  the  methods  of  these  classical  instruments  are 
virtually  the  same. 

Using  expressions  (1)  and  (2),  we  find  UTl—UTC  by  the  relation 


UTl-UTC  =  a  +  h  -  A  +  AA„  -  AA„  -  (ST-UTl),  (3) 


where  ST  represents  the  sidereal  time.  Using  the  definition  of  Universal  Time 
(Explanatory  Supplement  1961)  it  is  possible  to  express  the  sidereal  time  as  the 
sidereal  time  at  0/(.  Thus,  we  have 


ST  =  ST0  -  AA,;  +  [7V  +  (UTl-UTC )]r  (4) 


where  r  =   the  ratio  of  mean  solar  to  mean  sidereal  time  interval. 

Letting  UTl  =   Tc  +  (UTl-UTC),  we  find  from  expressions  (3)  and  (4)  that 

UTl-UTC  ={a+h  -  A  +  AA„  -  ST0)r  -Tc  =  T0  -  Tc  . 

In  practice,  T0  is  determined  by  first  computing  (a  -  A  -  ST0)r  and  deriving 
h  from  observations.  In  the  case  of  the  PZT,  h  is  determined  from  measurements 
of  positions  of  stars  on  a  photographic  plate  (McCarthy  1970).  The  time  of 
observation,  Tc,  is  recorded  during  the  observation.  From  observations,  we  then 
obtain 

(UTl-UTC)-r(AA,,)  =  UTO-UTC . 

In  order  to  obtain  UTl-UTC,  it  is  necessary  to  determine  AA/;  =  tan  (/>  (-sin  A 
-y  cos  A)/15  (Woolard  and  Clemence  1966),  where  <f>  is  the  latitude  and  x,  y  are 
coordinates  of  the  pole  of  rotation  with  respect  to  the  CIO. 
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TABLE  1. — Systematic  errors  possible  in  one  night's  observation  of  UTi  and  their  effect  on  astronomic 

longitude. 


Error 


Cause 


Maximum  mean 
error  in  UT\ 


Effect  on  astronomic  longitude 


Equinox  error 

±  0?0016 

Proper  motion  bias 

±  0:0001  yr"1 

Periodic   error   in  cata- 

±0^0054 

log,   aberration   error 

Nutation  errors 

±0:0006 

Period    error   in    proper 

±  0:0003  yr"' 

motion 

Bias 

±  0:0016 

Secular  variation  includ- 

± 0:0001  yr-' 

ing  secular  tilt 

Refraction 

±  0:0070 

Solid-Earth  tides 

±  0:0015 

Error  in  pole 

±  0:0020 

I  Bias  I  <  0.W16 

I  Secular  variation  |  ^  0:0001  yr-1 

Seasonal  variation  with  |  amplitude  |  ^  0:0054 

Periodic  variation  with  periods  of  18.6  yr,  0.5  yr, 
14  days,  and  |  amplitude  |  <  0:0006  yr~' 

Seasonal  variation  in  the  drift  rate  with 
I  amplitude  |  <  0:0003  yr"1 

I  Bias  I  <  0:0016 

I  Secular  variation  |  ^  0:0001  yr_I 


Quasi-random  variation  with  variance  of  ±  0:007 
Periodic    variation    at   tidal   frequencies   with 
I  amplitudel  <  0:0015 

Long-period  variations  with  |  amplitude  |  ^  0?0020 


Systematic  Errors  in  UT\  System 

The  errors  in  the  system  of  UT\,  which  is  determined  from  astronomical 
observations,  are  characterized  by  the  terms  precision,  accuracy,  and  consistency. 
By  precision  we  mean  that  the  individual  star  observations  made  on  one  night 
agree  internally  with  each  other  without  regard  to  an  external  system.  Precision 
may  be  estimated  from  the  internal  mean  error  of  one  night's  determination  of 
IJTO.  Accuracy  refers  to  the  day-to-day  agreement  of  the  observations  with 
themselves  in  some  defined  system.  This  may  be  estimated  by  the  goodness  of  the 
lit  ol  the  observations  to  some  smooth  curve.  The  coordinate  systems  may  be 
defined  explicitly  or  implicitly  by  the  instrumental  bias  (if  any),  star  catalogs, 
observational  procedures,  and  the  method  of  reduction.  Consistency  refers  to  the 
ability  to  maintain  one  system  over  an  indefinite  period  of  time.  If  changes  are 
made  in  the  system,  consistency  demands  that  they  can  be  well  documented  and 
that  new  observations  may  be  related  to  old  ones  in  a  known  way. 

Determination  of  astronomic  longitude  requires  an  accurate  and  consistent 
scale  of  UTI.  The  observations  are  subject  to  systematic  errors  which  must  be 
overcome  in  order  to  insure  the  most  accurate  and  consistent  time.  Table  1  lists 
the  systematic  errors  possible  in  one  night's  determination  of  UTl-UTC,  using  a 
typical  PZT.  These  errors  are  a  measure  of  the  accuracy  of  the  observations,  and 
they  have  been  evaluated  from  observations.  The  resultant  effect  on  the  determi- 
nation of  astronomic  longitudes,  using  UTl-UTC  determined  from  such  an 
instrument,  is  also  listed.  In  practice,  daily  observations  are  smoothed  in  order  to 
produce  an  adopted  value  of  UTl-UTC  for  each  day.  This  technique  reduces  the 
effects  of  systematic  refraction  error  and  the  accuracy  of  the  smoothed  values  of 
UTl-UTC  is  estimated  to  be  about  ±0*003  m.e.  (McCarthy  1973). 
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Observational  results  of  various  observatories  are  combined  by  the  Bureau 
International  de  THeure  (B1H)  in  order  to  produce  values  of  UTl—UTC  with 
improved  accuracy  (B1H  Annual  Report  1971).  In  this  procedure,  the  systematic 
differences  between  instruments  are  evaluated  and  applied  to  the  observations 
before  they  are  combined.  These  systematic  differences  account  for  longitude  bias, 
equinox  error  in  the  instrumental  catalog,  and  periodic  errors  in  the  catalog.  The 
resultant  accuracy  of  a  5-day  mean  value  of  UTl-UTC  is  ±0*0016  m.e.  It  is 
important  to  realize  that  the  astronomic  longitudes  developed  by  the  BIH  in  this 
procedure  are  the  combination  of  actual  astronomic  longitude  and  any  instrumental 
or  catalog  biases. 

Consistency  of  t/Tl  System 

An  instrumental  system  of  UTl  is  defined  by  the  longitude  of  the  instrument, 
the  positions  and  proper  motions  of  the  objects  observed,  and  the  observational 
technique.  The  BIH  system,  however,  is  defined,  in  theory,  by  the  reference  pole, 
CIO,  and  a  reference  meridian  (BIH  Annual  Report  1968).  Consistency  of  either 
system  requires  that  the  system  be  constrained  in  some  manner  so  that  it  will  be 
stable  in  time,  or  that  methods  for  transformation  between  varying  systems  can  be 
well  established.  In  the  case  of  the  PZT  this  involves  careful  improvement  of  star 
catalogs  and  astronomic  longitudes  so  that  changes  in  the  system  can  be 
documented. 

Table  2  shows  the  changes  which  have  occurred  in  the  system  of  LTl  of  the 
U.S.  Naval  Observatory  since  observations  of  time  were  begun  with  a  PZT. 
Beginning  in  1950,  two  such  instruments,  one  in  Washington,  D.C.,  and  one  in 
Richmond,  Fla.,  have  been  used  to  provide  UTl.  Until  1974,  Richmond  observa- 
tions were  given  twice  the  weight  of  those  of  the  Washington  instrument  when  the 
observations  were  combined  and  smoothed.  After  1974,  a  different  method  of 
combining  observations  was  used  which  requires  no  instrumental  weights  (Mc- 
Carthy 1973).  Table  2  shows  that  changes  in  the  reference  longitude  of  an 
instrument  used  for  determining  LTl  will  have  no  effect  on  the  system  of  LTl 
determined  with  that  instrument  if  the  catalog  equinox  can  be  adjusted  to 
compensate  for  the  change.  As  a  result,  no  systematic  changes  in  astronomic 
longitudes  determined  with  that  UTl  system  would  be  seen. 

The  BIH  employs  an  elaborate  procedure  to  ensure  the  consistency  of  the 
UTl   determined   from   the   contributed   observations.    The   degree   of  consistency 

Table  2. — Change  in  the  USNO  system  o/UTl. 

Wash.         Rich.         Wash.         Rich. 
Period  o\  8A  8a  8a  8  Ab.         5  UTl 

1  Jan.  72  to —     

1  Jan.  68to31  Dec.  71 

1  Jan.  62to31  Dec.  67 

1  Jan.  61  to31  Dec.  61 

21  Mar.  50  to  31  Dec.  60   

1  Jan.  40  to  20  Mar.  50 

lMay37to31  Dec.  39 

4  Feb.  34  to  30  Apr.  37 


0 

0 

0 

0 

0 

0 

0 

+  o-:oo20 

0 

+  0?0020 

0 

0 

0:0204 

+  o:oi60 

-  0:0120 

+  0:0240 

+  0:002 

+  o:oo8 

0:0094 

+  0:0094 

-  0:0120 

+  0:0240 

+  0:002 

-  0:003 

0:0306 

+  0:0560 

-  0:0120 

+  0:0240 

+  0:002 

-  0:036 

0:0306 

-  o:oi20 

+  0:002 

-  o:04i 

():0306 

-  0:0120 

+  0:002 

-  o:oi7 

0:0306 

+  o:ono 

+  0:002 

-  o:oi8 
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achieved  in  this  manner  is  difficult  to  evaluate,  but  there  is  no  reason  to  suspect 
any  changes  in  the  system  greater  than  OfOOl  since  1968.  The  relationship  between 
individual  instrumental  systems  of  UTl  and  theBIH  system  is  determined  annually 
by  BIH  and  tabulated  in  the  Annual  Report  of  BIH.  From  these  tables  it  is  possible 
to  evaluate  the  historical  variation  of  an  instrumental  system  with  respect  to  that  of 
BIH. 

Possible  Future  Improvement 

The  use  of  radio  astrometry  to  determine  UTl  as  well  as  polar  coordinates  has 
been  suggested  (Elsmore  1973;  Shapiro  et  al.  1974).  An  interferometer  system 
employing  three  antennas,  arranged  in  a  suitable  geometry  and  separated  by  at 
least  30  km,  could  provide  UTl.  Such  a  system,  when  used  to  observe  distant 
radio  sources,  would  still  be  affected  by  equinox  errors  and  possible  periodic  errors 
in  the  catalog  of  source  positions.  However,  proper  motion  errors  would  be 
eliminated  and  the  seasonal  variation  would  be  greatly  reduced  since  all  the 
sources  in  the  catalog  could  be  observed  in  1  day.  Instrumental  and  systematic 
atmospheric  errors  would  remain  largely  unknown  until  sufficient  continuous  data 
from  a  single  program  could  be  evaluated.  Such  a  project  is  now  underway,  using 
the  National  Radio  Astronomy  Observatory's  interferometer  at  Green  Bank,  W. 
Va.  This  is  a  joint  effort  of  the  Naval  Research  Laboratory  and  the  U.S.  Naval 
Observatory.  Hopefully,  such  experiments  can  lead  to  improved  accuracy  in  UTl 
and  in  astronomic  longitudes. 
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Editorial  note:  The  authors  submitted  for  publication  the  following 
graphics  which  were  presented  at  the  symposium.  No  text  accompanies 
the  illustrations. 


149 


150 


P.  F.  MacDoran,  A.  E.  Niell,  K.  M.  Ong,  G.  M.  Resch 


Radio  Interferometric  Geodetic  Networks 


151 


CO 

>- 
CO 

U 


o 

O 

O    /-s 

UJ 

—-  o 

o 

<  < 

_J  on 

CO 

UJ 

?£  ^  °° 

<  2  < 

0£ 

< 

on  o  ^ 

i—  ^  o 
X  <  — 

lxj  c£  on 

152  P.  F.  MacDoran,  A.  E.  Niell,  K.  M.  Ong,  G.  M.  Resch 


PROJECT  ARIES  NETWORK 


Figure  3. 


Radio  Interferometric  Geodetic  Networks 


153 


o 


c> 


C£ 


o 

o 

LU 
00 

LU 

a: 

< 

u 

o 

vO 

>- 

oc 

I 

CO 

i—    c 

UJ 

< 

o 

Q 

LU 

> 
LU 

o 
< 

o 

ro  re 

•r-     S_ 

+->  o    « 

z 

>- 

OO 
O 

o 

1 

Q- 

< 

CO 

o 

>■ 

LU 

> 

OO 

O)  a  o 

S-    ffl    i/l 
0)SC 
4-         J= 
4-      ~  O 
•r-    D-/--D 

O      * 

o        c 

UJ 

O 

i— 

LU 

OO 

o 

LU 
CO 

OO 

O 

UJ 

Q 
O 

LU 

+1 
CM 

O 
< 

LU 
LU 

IE 
o 

O 

o 

Q 

O 

LU 

o 

+->  ^  ^ 

CD    CD    ro 

E   -r-   f— 

u 

CD         >,            «>-— N 

M-  _Q    ro    f) 

-J 

O 

O 

CO 

LU 
LU 

o 
o 

>- 

o.~ 

_J 

< 

U         "O    oo 

CD           t-     CD 

Lf\ 

Qi 

__J 

OO* 
LU 

O 
< 

q 

h~ 

..-J 

c  =     id  a 

< 

z 

i — 1 

II 

< 

of 
o 

< 

Of 

ID 

o 

o 

M 

< 

— •  >>i- 

00            c 

O      CJ          *T- 

•r-  -a  o  -— 

•a  o+j 

ro    CD  «i—    to 
fX  O  JD    U 

2       / 

z 

UJ 

-J 
1 

o 

CD 

+1 

< 

s 

r— 1 
O 

+  1 
CO 

s 

LU 

o 
tu 

< 

< 
_- 
o 

oo 

< 

2S 

o 

o 

< 

ro  •!- 

ro  i —    S_    to 

ro    O    >> 

o  o        a. 

•r-      »>  o 
C  4->    S-    E 
O    C    <D    O 
to    CD    to  +■> 

•r-  >  to  a 

> 
z 

8      1 

> 
O 

i 

> 
Q. 

I — 

i-H 
«3" 

Q 
O 

o 
o 

OO 
LU 

O 

cd 

r— 1 

c> 

S-    C    CD    CD 
ro    O   E  h- 
Q.O    N 
E        -P 
o  x:  -i-   •« 

O   +J    O.  Q. 

II 

o 

h~ 

Q 

O 

LU 

E             "  ro 
O   4->    CD    S- 
%-    C    >  Q 

\ 

O 

_j 

< 

i 
> 

Q. 

II 

O 

<+-    CD    U 

E    CD      - 

UJ 

on 

> 

o 

OO 

o 

1 

OO 

< 

OO 

p—    S-  ^i    o 

^   rs  oo   to 
to    to         •!— 

CD    ro      •»   C 
S-    CD    CD    ro 

< 

*-— " 

1 

oo 

LU 

OO 
LU 

00 

CO    CD  U_       •« 
D.  C          "D 
•i-  -r-       »>    CD 

m 

LU 

U  i—  -C  +J 

Ti 

or 

o 

Q£ 

* 

C    CD    O    00 

< 

s 

< 

•i-    to    to    5 
S-    ro    CD    CD 

i 

acoaz 

ui=^ 

f5 


154 


P.  F.  MacDoran,  A.  E.  Niell,  K.  M.  Ong,  G.  M.  Resch 


X 

&  lz 
O   a 

U    £ 
UJ     3 

^       CO 
LU     < 

Z   ui 
Zi  z 

LU     O 
CO    »- 

CO    _i 
WO     -J 

i; 

m  < 

z  2 
O  5 


o 

o 
o 


< 

z 

a 

ot 
O 
O 


CL     u 

3  O 

LU     cu 

5  ^ 


4 


i — m — r 


J I I L 


i — i — r 


j L 


r" i — i — r 


J I I L 


o 


r-. 


O 


^r    co    cni    ih 

CNI      CNI      CNJ      CNJ 


O  uj 

oo  s= 


LO      "sT      CO      CM 


oo 

UO  Qj 


<C  oo 


O  00 

nO  LO 

CO  00 

CNJ  , CNJ 

(>I  OOqn 
H(J  LUi-H 


Radio  Interferometric  Geodetic  Networks 


155 


i — 


LU 
LU 

< 
1 

LU 

CO 

LU 

f—l 

LU 

1 

o  o 
— »  z 

O 
LU 

1 

LU 

> 

O 

LU 

CD 

>- 

3d 

LU    LU 

E 

Ot 
LU 

LU 

1 

Qi 
fctf 

o 

CD 
O 
CD 
i — i 

LL- 

o 

U_ 

o 

z 

>- 

UJ 

> 

Z> 
to 

U 

i— 

LU 
O 

O 

UJ 

o 

-J 

< 

z 
o 

< 

z 

UJ 

< 

31  Zj 

CS 

f— 

LU 
CD 
O 

LU 
O 

CO 
< 
LU 

< 
CO 

CO 

LU 

1— 
< 

1— 
CO 
LU 

< 

ZD 
O 

o 

< 

Q 

Qt 

RVATION  AND  PREDICTIO 
RIMENT  -  SLOPE 

LUTION  OF  A  LONG  STANDING  DISCREP 
ELING  AND  OCEANOGRAPHIC  LEVELING 

SAN  FRANCISCO  APPEARS  60  cm  BELOW 
_  SURFACE  AS  DETERMINED  BY  GEODETIC 

LU 

ZU 
I— 

Ot 
LU 
> 

o 

E 
o 

ro 

LU 

ca 

O 

i— 

CD 
LU 

< 

CO 
LU 

>" 

< 

a. 

i 

< 
i— 

CO 

S 

O 

INDICATES  NO  SIGNIFICANT  VERTICAL 
LA  JOLLA  TIDE  GAGES 

IE 
O 
< 

o 

C£ 
Q-. 

< 

CO 

t3 

=D 
CO 

LU 
Q£ 

C£ 
LU 

Zi 

< 
LU 

lZ 
O 

o 
o 

TERMINATIONS  OF  TIDE  GAGE  HEIGHT 
3E0CEIVER)  POSITIONING 

o 
o 

ND  GEOMETRIC  METHODS  via  GRAVIMET 
lENTS 

Uj 

UJ 

o  > 

Ot 

o 

o  ***■• 

o 

_J 

h- 

CD   ^ 

^ 

<  ^ 

CO    LU 
LU   —1 

°*    1- 

-< 

<  \- 

O 

o 

o 

CO 

H  to 

2: 
i 

< 

LU 

O  Qi 
Z  ZD 

o 

UJ 

UJ 

o 

1— 

LU    """ 

zt  o- 

>■ 

o 

LU    LU 
O    H= 
<   O 
O    Q_ 

<  o 

LU    __ 

>  o 

O  C£ 

LU 
> 

LU 

1 

o 

~z 

ZH 

o 

LU 

h- 

1 

s 

LU 

J—    Q_ 

UJ     Q. 

S  o 

LU 

o 

CO 

Qi 
LU 
CO 

3 

—  CO 

Lu  < 
>^ 

LU    ^ 

_l 

> 

LU 

UJ 

— » 

o 

SO 

< 

a. 

LU 

LU 

=J 

■2. 
< 
CO 

U_ 

<    5 

Q_ 

< 

>- 
at 

< 

C£ 

O    LU 

II 

O 

CO 

LU 

1 

at  tu 

Z"  CD 

GC 

Ql 

e5 

"«^». 

Cf  to 

at 

O- 

LU 

LU 

a.  o 

< 
UJ 

< 

o 

CO 

o 

h- 

LU 

■5 

_J 
O 

Z   LU 

o 

o 

■2. 

Q_ 

CO 

IS 

Q_ 

Z    <    Ql 

1— 
< 
CO 

CO    LU 

t/> 

CD 
O 

to  uj 

a-  i— 

CD 
O 

<    ^ 
LU    EZ 

< 

LU 

< ) 

GO 

g  • 

• 

• 

3s 

1 

LU 
O 

< 

i 

O    LU 
O    OQ 

O 
O 

Q 

LU 

2 

LU  CO 
Of  < 

A 

O 

LU 

Ot 

h^ 

• 

1 

T\ 

LU 

=D 

=3 

\ 

^^ 

1— 

s: 

CO 

< 

1 

±i 

O 

Z 

156 


P  F*  MacDoran'  A.  E.  Well,  K.  M.  Ong, 


G.  M.  Resch 


fj   ir> 


Radio  Interferometric  Geodetic  Networks 


157 


158 


P.  F.  MacDoran,  A.  E.  Niell,  K.  M.  Ong,  G.  M.  Resch 


§ 


E 

s 


O 
5 


o 

CO 

< 

LU 
CO 

CO 

UJ 

< 


<    O 

Q-  O 


Radio  Interferometric  Geodetic  Networks 


159 


CO 

LU 


CD 

vO 
CD 

CD 

CD 

+1 

+1 

E 

oo 

nT 

"3- 

CD 
i — i 

i 

o 

LO 

< 

LU 

to 
to 

LU 

a-: 

< 

>- 

< 


vO 
CD 

CD 

r— t 

CD 

CD 

+1 

+1 

E 

Ln 

>-~ 

OH 

oo 

CD 

CD 
CNI 

CNJ 

l 

O 
OO 
CNJ 

1 

o 

o 

CD 

CD 

E 

+! 
oo 

4-1 

CNJ 

X 

CD 

. — i 

s 

oo 

CNJ 

Lf\ 

i 

Q_ 


i 
O 

> 

o 


o 

at 

> 
O 


CO 


CD 
O 

4-1 

. — i 

s? 

vO 

i 


CSJ 


4-1 

cr\ 
CNJ 

<r\ 

CNJ 

oo 

o 
o 

I 


CD 


4-1 

CD 


LA 

CXJ 

CNJ 
Lf\ 
CNJ 


i/> 


CD 
O 

+1 

\0 
CNJ 

C^ 
CO 

en 

CNJ 


(LA 

i 


O 


160 


P.  F.  MacDoran,  A.  E.  Niell,  K.  M.  Ong,  G.  M.  Resch 


CO 
</> 

as 
o2 

o2 

oil 
o> 

O 


O  O 

O  O 

■H  -H 

Li*\  vO 

o  Ln 

•  • 

o  r^ 

—i  r^- 


>-      >- 

o 


E 
o 


CD 

+1 


oo 

o 

oo 

eg 

I 

!! 

>- 


E 

CD 

I 


^       »- 


OO 

O 


§ 


o 


*0 

r*»- 

CSJ 

oo 

a 

r*- 

r*. 

cr\ 

& 

LT\ 

O 

C\J 

C\J 

^ 

Q£ 

UJ 

II 

ii 

J— 

-— * 

— ^ 

Uj 

*  ii 

o 

o 

§ 

m 

> 

> 

MM 

i— i 

o 

o 

tt 

**"~. 

■* "^ 

en 

— -^ 

LVI 

—i 

i— i 

—1 

Q. 

«k« 

s"—' 

s 
s 

■«» 

oo 

I— I 

o 


W 


o 

> 

o 


3   2   2 


z 
< 


s 


CM 
CD 

CD 

-H 


CO 


C\J 

on 


CV! 
O 


CD 

-H 


LP* 


1^- 


SCO 
m 
i — i 
i 

ii        ii 
X      X 

O 

2  o 


CD 

+1 

CsJ 

c> 

s 


x 

O 

> 
O 


O    ■ 

+   > 

O 

^  3 


ZD 

o 

I 

o 

X 


s  s 


CD 

-H 

CNJ 


s 

o 
I — I 

CSJ 

II 
M 


CD 

+1 

oo 

CM 


M 


CD 

CD 

-H 

oo 


vO       CD 

•— i     m 
i         i 


n 


]   2   ] 


o  o 

m  >  > 

<2     O  O 

\    \  \ 

">     co  -» 

- *       p—  —  ■* 


oo 
CD 


OO 

O 

o 

M 


E 

oo 


OO 

O 


O 
oo 


C£ 


£  2 

s  < 

£  2 

°-  o 


o 


UJ 

go 

o  b 

en  ■— 
<   x 

E  -: 
:=  < 

±  Q 


^      £ 


h- 

00 

o 

LU 

3 

CO 

uo 

o 

00 

-J 

r— 

U 

o 

< 

■— 

Radio  Interferometric  Geodetic  Networks 


161 


162 


P.  F.  MacDoran,  A.  E.  Niell,  K.  M.  Ong,  G.  M.  Resch 


RAPID  RESPONSE 
DEFORMATION  DETECTION 

(R2D2) 


AVAILABLE  WITHIN  6  TO  12  MONTHS 

OPTION  TO  RESPOND  TO  NEEDS  FOR  THREE  DIMENSIONAL  CRUSTAL  MOVEMENT 
MONITORING  WITHIN  A  2  X  10*  KM2  AREA  OF  THE  WESTERN  U.  S.  AT  ARBITRARY 
TIMES  IN  VIRTUALLY  ALL-WEATHER  CONDITIONS 

•  4M  ARIES  STATION  COULD  BE  ON-SITE,  READY  TO  ACQUIRE  DATA  IN 
3  DAYS  OR  LESS 

•  SHORT  TERM  MOVEMENT  MONITORING  PRECISION:   10  CM  EVERY  6  HOURS 

•  ABSOLUTE  ACCURACY:   15  CM  OR  BETTER  BASED  ON  24  HOURS  DATA 
APPLICATIONS 

•  POST-EARTHQUAKE  CRUSTAL  MOVEMENT  MONITORING 

•  RAPID  NETWORK  ESTABLISHMENT  (1  SITE  PER  36  HOURS)  IN  SITUATIONS 
OF  SUSPECTED  EARTHQUAKE  PRECURSORY  BEHAVIOR 

CHALLENGES 

•  COMMITMENTS  FROM  OWENS  VALLEY  RADIO  OBSERVATORY  (OVRO) 
AND/OR  GOLDSTONE  DSN  TO  SERVE  AS  BASE  STATIONS  ON  PRIORITY 
INTERRUPT  BASIS 

•  LOGISTICAL  ARRANGEMENTS,  TECHNICAL  AND  HUMAN  FACTORS,  TO 
SUPPORT  FIELD  OPERATIONS  UNDER  DIFFICULT  CIRCUMSTANCES 


10/77 


Figure  13. 
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RAPID  RESPONSE 

DEFORMATION  DETECTION 

(MISSION  DESIGNATION:  R2D2) 


750  km 
TOGS 
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Figure  14. 
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Discussion 

Robertson:  I  am  intrigued  by  the  experiment  where  you  ran  two  400-km  base  lines  nearly  parallel  and 
differenced  and  compared  them  with  a  laser  measurement  across  the  shorter  base  line.  The  5-  or  6-cm 
agreement  was  impressive  and  necessary,  but  you  inverted  that  and  argued  that  the  400-km  base  lines 
are  measured  to  that  accuracy.  Are  you  neglecting  systematic  errors  common  to  both  long  base  lines? 

MacDoran:  I  believe  that  the  circumstances  under  which  the  two  observations  were  made  are 
substantially  different.  Thus,  the  agreement  showed  no  systematic  differences.  .... 

Kouba:  How  accurate  is  the  definition  of  the  zero  reference  for  the  right  ascension  in  the  interferometric 
system? 

MacDoran:  Probably  a  few  tenths  of  a  second  of  arc. 

Lelgemann:  How  is  the  reference  point  of  the  instrument  defined? 

MacDoran:  It  is  defined  by  the  intersection  of  the  instrument  axes.  The  geometry  can  be  modeled  very 
well.  The  position  of  this  point  has  been  translated  into  a  reference  mark  in  the  ground  behind  the 
instrument. 


ORIENTATION  AND  SCALE  OF  SATELLITE 

DOPPLER  RESULTS  BASED  ON  COMBINATION 

AND  COMPARISON  WITH  OTHER  SPACE 

SYSTEMS 


L.  D.  Hothem,  D.  S.  Robertson,  and  W.  E.  Strange 

National  Geodetic  Survey 

National  Ocean  Survey,  NOAA 

Rockville,  MD  20852 


Abstract:  Satellite  Doppler  positions  have  been  established  at  the 
location  of  Very  Long  Baseline  Interferometry  (VLBI),  Lunar  Laser 
Ranging  Experiment  (LURE),  and  Deep  Space  Network  (DSN)  stations. 
Intercomparisons  between  Doppler  results  and  the  results  derived  from 
the  other  systems  permit  proper  scaling  of  the  Doppler  results.  These 
intercomparisons  also  determine  the  rotations  required  to  relate  the 
Doppler  coordinate  system  to  a  desired  coordinate  system  as  defined  by 
the  Conventional  International  Origin  (CIO),  Bureau  International  de 
THeure  (BIH)  time,  and  the  FK4  star  positions.  Preliminary  results  have 
been  obtained.  Definitive  results  are  expected  when  final  analysis  is 
completed  for  a  special  Doppler  observation  campaign  executed  during 
January  and  February  1978.  During  the  campaign,  Doppler  observations 
were  obtained  simultaneous  with  one  another  and  with  VLBI,  satellite 
laser  ranging,  and  lunar  laser  ranging  observations. 

Present  results  indicate  that  Doppler  results  are  comparable  to  VLBI 
chord  distance  determination  at  the  20-  to  30-cm  level  or  a  scale 
discrepancy  of  less  than  0.1  ppm.  A  longitude  rotation  of  0'.'8  applied  to 
Doppler  results  will  bring  the  Doppler  longitudes  to  an  agreement  of 
±0'.'05  with  VLBI,  LURE,  DSN,  and  optical  astronomic  determinations  of 
longitude  origin.  The  Doppler-derived  equatorial  plane  orientation  agrees 
to  within  ±0'.'08  of  other  high  accuracy  determinations. 

Introduction 

Doppler  satellite  data  have  been  collected  extensively  in  support  of  the  new 
adjustment  of  the  North  American  Datum  (NAD).  The  Doppler  positions  will  play 
an  important  role  in  establishing  the  overall  scale  as  well  as  defining  the  coordinate 
system  for  the  1983  NAD  adjustment. 

To  aid  in  relating  the  geodetic  networks  in  North  America  to  a  desired 
geocentric  coordinate  system  as  defined  by  the  CIO  pole,  BIH  time,  and  FK4  star 
positions  and  to  establish  scale,  Doppler  satellite  positions  have  been  established 
at  several  locations  where  precise  measurements  by  other  space  techniques  have 
been  made. 
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Three  space  techniques  that  provide  distance  determinations  which  are 
independent  of  GM  and  which  can  provide  significant  scale  information  are  VLBI 
intersite  chord  distances,  LURE,  radius  vector  distances,  and  DSN  spin  axis 
distances. 

In  addition,  these  space  system  measurements  can  provide  information  on  the 
orientation  of  the  spin  axis  and  the  location  of  the  reference  zero  meridian  to  which 
the  Doppler  positions  are  referred. 

Early  Intercomparisons 

Intercomparison  of  Doppler  positions  with  other  space  system  measurements 
was  carried  out  in  1974  and  1975  by  several  investigators.  These  revealed  a  scale 
bias  for  the  Doppler  coordinate  system  of  1  ppm  ±0.2  ppm  (Strange  et  al.  1975, 
Anderle  1974)  relative  to  the  other  systems.  A  key  Doppler  position  used  in  the 
early  intercomparison  studies  was  for  station  10031,  located  at  the  Goldstone  DSN/ 
VLBI  site  in  California — one  of  the  first  stations  established  by  Doppler  satellite 
positioning.  Data  for  10031  were  collected  in  June  1972.  In  late  1976,  this  site  was 
reoccupied  by  a  Doppler  tracking  team  where  data  was  collected  for  a  station 
designated  as  51065.  It  was  found  from  comparisons  of  the  results  with  the  Doppler 
satellite-derived  positions  for  10031,  the  height  for  10031  was  too  high  by  about  4 
m.  This  is  comparable  to  a  scale  discrepancy  of  about  0.6  ppm. 

The  Doppler  position  for  51065  was  verified  to  be  consistent  with  other 
Doppler  stations  in  the  California  region  at  the  1-m  level  or  better  by  comparisons 
with  the  precise  geodimeter  traverse. 

The  Doppler  coordinate  system  was  oriented  to  the  CIO  scale  by  adopting 
BIH  values  for  pole  position  in  the  determination  of  coordinates  of  base  stations 
based  on  four  spans  of  observations  of  polar  satellites  in  1970  (Beuglass  and 
Anderle  1972).  Previous  reports  on  the  analysis  of  the  spin  axis  orientation  for  the 
Doppler  coordinate  system  indicated  it  was  referenced  to  the  CIO  pole  at  the  0'.'15 
level  (Mueller  1974,  Strange  et  al.  1975). 

In  regard  to  the  longitude  origin,  it  had  been  reported  that  the  Doppler-DSN 
longitude  difference  was  nearly  identical  to  the  Doppler-LURE  longitude  difference 
of  about  0'.'8  (Strange  et  al.  1975).  This  was  consistent  with  some  recent  results 
from  comparisons  with  VLBI  (Petrochenko  et  al.  1977). 

Precision  of  Doppler  System 

Before  intercomparisons  for  scale  and  orientation  is  carried  out,  the  precision 
of  Doppler  positioning  must  be  established. 

Table  1  summarizes  the  results  of  investigations  by  the  National  Geodetic 
Survey  (NGS)  of  the  National  Ocean  Survey  to  evaluate  the  precision  of  precise 
ephemeris  point-positioning  solutions.  The  data  sets  used  in  differential  position 
comparisons  were  collected  simultaneously.  However,  exact  simultaneity  of  passes 
and  data  points  was  not  enforced  during  processing. 

Figure  1  illustrates  the  differential-position  repeatability  for  line  2  of  table  1. 
The  <P  and  H  differences  repeated  at  about  the  10-cm  level,  while  the  longitude 
difference  was  about  25  cm. 

For  this  intercomparison  study,  all  relative  Doppler  positions  are  based  on 
nonsimultaneous  observations  at  the  various  stations.  We  are  estimating  that  the 
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Table  1. — Precisions  for  "Precise"  ephemeris  simultaneous  point-positioning. 


169 


Repeatability  (<x)  (6) 

Number  of 

passes 

per  data 

set 

Number 

Geocentric 

Relative 

Remarks 

sets  per 

d> 

A 

H 

A<P 

AX 

A// 

(5) 

station 

(cm) 

(cm) 

(cm) 

(cm) 

(cm) 

(cm) 

155-200   

3 

24 

57 

4 

8 

21 

7 

(1)  (2) 

78-100   

6 

25 

57 

15 

15 

47 

21 

(D(2) 

30-45 

16 

35 

70 

26 

28 

58 

38 

(1)(2) 

8   

10 

43 

92 

47 

25 

97 

50 

(D(3) 

29-55 

7 

26 

34 

28 

15 

15 

19 

(D(4) 

NOTE:  (1)  Results  of  investigatioi  s  by  NOS,  National  Geodetic  Survey;  (2)  Data  set  observed  at 
McChord  AFB,  Wash.,  and  Kingman,  Ariz.,  during  14-month  period,  3  phases,  about  200  passes  per 
phase  per  station,  1,300  km  between  stations;  (3)  Data  set  observed  at  Palos  Verdes,  Calif.,  and 
Goldstone,  Calif.,  during  a  5-week  period,  225  km  between  stations,  100  passes  per  station;  (4)  Data  set 
observed  at  Ukiah  Latitude  Observatory,  Calif.,  during  a  3-month  period,  2  stations  spaced  12.05  m 
apart,  290  passes  per  station,  used  a  common  reference  frequency  standard  for  the  Geoceivers;  (5)  All 
data  from  observations  of  satellite  APL  #30190  only;  (6)  &  —  standard  deviation  of  the  mean  of  the 
subsets. 


11°55' 
27".725 

27".720 

27".715 

Meters 
1047.30 

1047.20 


Latitude  Difference 

A  "  Tofcm 


mean  (6  sets) 


10[crn 


Phase  I 


Phase  II 
Height  Difference 


Phase 


10 


10 


1047.10  h 

8°26' 
57".560 


57".550 


57".540 


cm 


mean  (6  sets) 


cm 


Longitude  Difference 


June 


Aug  Oct 

1975 


Dec 


Feb 


Apr 


June         Aug 
1976 


Oct 


FIGURE  1. — Differential  position  repeatability  (78  to  100  passes).  Reflects  position  differences  from  data 
sets  observed  simultaneously  at  McChord  AFB,  Wash.,  and  Kingman,  Ariz.,  during  a  14-month 
period  in  three  phases  of  about  200  passes  per  phase  per  station.  Each  phase  was  subdivided  into 
two  data  sets.  Position  difference  is  variation  for  each  phase  from  mean  of  all  six  data  sets. 
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resultant  uncertainty  for  nonsimultaneous  relative  positioning  is  at  the  70-cm  level 
if  two  40-pass  solutions  are  used. 

In  discussing  accuracy,  it  is  important  to  define  the  reduction  program  used. 
All  results  in  table  1  and  the  intercomparisons  studies  are  based  on  Doppler  data 
that  were  reduced  with  program  DOPPLR.  This  program  was  developed  by  the 
Defense  Mapping  Agency  Topographic  Center  (DMATC)  (Smith  et  al.  1976).  The 
NGS  has  been  using  this  program  since  1973.  Extensive  testing  of  the  program  has 
resulted  in  minor  modifications  that  have  improved  the  solutions  (Strange  and 
Hothem  1976). 

The  DOPPLR  program  is  a  point-positioning  method  where  the  satellite  orbit 
is  held  fixed.  All  data  were  reduced  with  the  precise  ephemerides  provided  by 
DMATC.  Thus,  all  Doppler  point-positioning  solutions  from  data  observed  between 
January  1,  1973,  and  June  15,  1977,  are  referred  to  the  NWL-9D  coordinate 
system  and  NWL-10E  gravity  field.  Since  June  16,  1977,  the  Doppler  positions  are 
referred  to  the  NSWC  9Z-2  coordinate  system  and  the  NSWC  10E-1  gravity  field. 

Description  of  Space  System  Sites 

Doppler  observational  activities  during  1975,  1976,  and  1977  included  reoccu- 
pying  or  establishing  new  Doppler  stations  at  the  following  sites:  four  fixed  VLB1, 
five  mobile  VLBI  ARIES,  one  DSN,  and  one  LURE. 

Table  2  summarizes  the  location  and  description  of  reference  points  from  the 
Doppler,  VLBI,  LURE,  and  DSN  sites.  Figure  2  identifies  the  location  of  the  fixed 
and  mobile  VLBI  sites  in  California  that  were  included  in  this  report. 

Figure  3,  which  refers  to  a  more  recent  Space  Systems  Validation  project, 
also  shows  the  location  of  all  the  fixed  VLBI  sites  (Greenbank,  Haystack,  Owens 
Valley,  and  Goldstone)  and  the  LURE  site  at  McDonald  Observatory  in  Texas.  The 
DSN  site  is  at  the  NASA  Goldstone  complex  in  California. 

Ground  Survey  Ties 

A  ground  survey  tie  between  the  Doppler  station  mark  and  the  other  space 
system  reference  points  was  performed  by  NGS  at  all  sites  included  in  this  report 
except  at  the  National  Radio  Astronomy  Observatory  (NRAO),  Greenbank,  W. 
Va.,  and  at  the  DSS  11,  DSS  12,  and  DSS  13  antennas,  Goldstone,  Calif.  The 
survey  tie  at  NRAO  was  performed  by  the  DMA  in  1973.  The  ties  to  DSS  11,  DSS 
12,  and  DSS  13  were  taken  from  the  NASA  Directory  of  Observation  Station 
Locations  (NASA  1973). 

The  results  of  the  NGS  survey  ties  are  not  final  as  of  this  date  (June  1978). 
Final  adjusted  values  for  the  survey  ties  will  be  published  in  a  NOAA  technical 
report  when  they  are  available. 

Using  a  geoid  height  extrapolated  from  the  NGS  Astrogeodetic  Geoid  of  1975 
(Carroll  and  Wessells  1975),  the  preliminary  values  for  4\  k  and  H  at  all  the  survey 
points  were  converted  to  Cartesian  coordinates  (V,  F,  Z).  Table  3  summarizes  the 
preliminary  differences  in  the  ground  survey  positions  in  terms  of  AA',  AF,  and  AZ. 
These  values  were  then  used  to  transfer  all  VLBI  relative  positions  to  the  Doppler 
station  marks  for  the  comparisons.  To  compare  with  the  DSN  and  LURE  position 
determinations,  the  Doppler  positions  were  transferred  to  the  DSN  and  LURE 
reference  points. 
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Table  2. — Summary  of  space  stations. 


Station 

Space  system  number 

Doppler    51065 

Doppler    51105 

Doppler    51114 

Doppler    51118 

Doppler    30078 

Doppler    51123 

Doppler    51141 

Doppler    51186 

Doppler    51188 

VLBI,  DSS13     DSN3 

VLBI,  DSS14     DSN4 

VLBI    

VLBI    RTE4 

VLBI    

ARIES,  VLBI 

ARIES,  VLBI 

ARIES,  VLBI 

LURE 

DSS  11     DSN  1 

DSS  12     DSN  2 


Locati 


Reference  point 
(description  and  name) 


Barstow,  Calif. 
Big  Pine,  Calif. 
Greenbank,  W.Va. 

Westford,  Mass. 

Westford,  Mass. 
Fort  Davis,  Tex. 
Palos  Verdes,  Cabf. 
San  Francisco,  Calif. 
Pasadena,  Calif. 
Barstow,  Calif. 

Barstow,  Calif. 

Big  Pine,  Calif. 

Greenbank,  W.Va. 

Westford,  Mass. 

Palos  Verdes,  Calif. 

San  Francisco,  Calif. 

Pasadena,  Calif. 

Fort  Davis,  Tex. 

Barstow,  Calif. 

Barstow,  Calif. 


Mark:  Goldstone  ARIES  JPL  (1976). 
Mark:  BP  ARIES  1  1977. 
Mark:  T-007  1971  U.S.A. 

TOPOCOM. 
Mark:  HAYSTACK  OUTER 

CONTROL  POINT  No.  3. 
Mark:  (30078  1972). 
Mark:  McDONALD  1942  No.  1. 
Mark:  Palos  Verdes  ARIES  1  1975. 
Mark:  TURK  No.  1  1948. 
Mark:  JPL  ARIES  1  1975. 
Intersection  of  axis  of  rotation, 

Goldstone  (JPL)  Tracking  Sta. 
Intersection  of  axis  of  rotation, 

Goldstone  (JPL)  Tracking  Sta. 
Intersection  of  axis,  Owens  Valley 

Radio  Observatory  (OVRO). 
Center  of  Feedhorn  (at  Zenith), 

National  Radio  Astronomy  Observ. 
Intersection  of  axis  of  rotation, 

Haystack  Observatory. 
Intersection  of  axis  of  rotation,  JPL 

ARIES,  mobile  9  m  antenna. 
Intersection  of  axis  of  rotation,  JPL 

ARIES,  mobile  9  m  antenna. 
Intersection  of  axis  of  rotation,  JPL 

ARIES,  mobile  9  m  antenna. 
Intersection  of  axis,  McDonald 

Observatory  at  Mount  Locke. 
Intersection  of  axis  of  rotation, 

Goldstone  (JPL)  Tracking  Sta. 
Intersection  of  axis  of  rotation, 

Goldstone  (JPL)  Tracking  Sta. 


A  major  source  of  error  found  during  the  intercomparison  studies  was  due  to 
the  uncertainties  in  the  survey  ties  between  the  Doppler  stations  and  the  space 
system  reference  points.  For  example,  it  was  found  from  the  resurvey  at  Haystack, 
that  a  height  discrepancy  of  about  80  cm  existed  between  the  Doppler  survey  point 
and  the  VLBI  intersection  of  axis.  In  most  cases  the  problem  was  not  in  the 
measurements  themselves  but  in  determining  exactly  at  what  point  a  measurement 
was  made  on  a  space  system.  Since  permanent  markers  cannot  be  attached  to 
space  systems,  great  care  must  be  taken  in  describing  the  exact  point  to  which  a 
measurement  is  referenced. 

Intercomparison  Data 

Because  of  scheduling  problems  and  other  commitments,  Doppler  observations 
were  not  collected  simultaneously  between  the  space   sites  except  during  the 
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o   Ukiah 


San  Francisco 


Owens  Valley 


California 


A   Fixed  VLBI  Sites 

•   Mobile  (ARIES)  VLBI  Sites 

o   Doppler  Station  (semi-permanent) 


Nevada 


Goldstone 


•  Pearblossom 

•  J  PL  Pasadena 
Palos  Verdes 


La  Jolla 


Arizona 


FIGURE  2. — VLBI  ARIES  network.  Shows  location  of  sites  occupied  by  VLBI  ARIES  9-m  antenna 

system  as  of  December  1977. 


Goldstone,  Palos  Verdes,  and  San  Francisco  occupations.  One  to  three  occupations 
were  made  at  each  site,  with  about  40  to  100  passes  collected  per  occupation. 

Table  4  lists  the  Doppler  geocentric  coordinates  which  were  obtained  and 
used  in  the  intercomparison  study.  The  coordinates  at  Owens  Valley,  Greenbank, 
and  Haystack  are  a  mean  of  the  results  of  the  multiple  occupations.  The  cr0  value 
for  multiple  occupations  is  an  average.  As  indicated  by  the  value  for  the  rms  of  the 
observation  residuals  (o"0),  the  quality  of  all  data  was  very  good  except  for  the  San 
Francisco  data  set,  where  o~0  was  nearly  twice  the  value  for  the  other  data  sets. 
The  higher  than  normal  value  for  o-0  at  San  Francisco  was  caused  by  an  unstable 
reference  frequency  in  the  receiver  and  other  tracking  problems. 

The  VLBI  differential  position  determinations  provided  by  various  sources  is 
summarized  in  table  5  (Robertson  1975,  Fliegel  1978,  and  MacDoran  1978).  It  is 
noted  that  all  results  are  from  data  collected  before  January  1,  1978.  Also,  the  data 
were  reduced  by  two  different  groups.  The  fixed  VLBI  station  data  were  reduced 
with  a  program  developed  by  Massachusetts  Institute  of  Technology/Goddard 
Space  Flight  Center.  The  mobile  ARIES  VLBI  data  were  reduced  with  a  program 
developed  by  California  Institute  of  Technology/Jet  Propulsion  Laboratory. 

The  LURE  position  determination  at  McDonald  Observatory,  given  in  table  6, 
were  taken  from  a  table  dated  March  27,  1975  (Williams  1975  and  1978). 

The  DSN  position  determinations  are  summarized  in  table  7  (Pease  1978). 
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TABLE  3. — Preliminary  differences  in  ground  survey  positions . 
(Doppler  station  position  minus  other  space  system  reference  point). 

Differences  in  Cartesian  coordinates 

Doppler                                                                                                 AX                   AF  AZ 

station                    Location                         Space  system                    (m)                    (m)  (m) 

51065 Goldstone                   DSN  1,  DSS  11                   -1,967.35        +3,569.79  +3,161.68 

51065 Goldstone                   DSN  2,  DSS  12                  -2,954.10      +10,469.24  +11,297.04 

51065 Goldstone                   DSN  3,  DSS  13                   -2,267.30      +13,968.27  +15,969.02 

51065 Goldstone                   DSN  4,  DSS  14                      +224.683          -167.331  -126.591 

51105 Owens  Valley             OVRO,  VLBI                           -43.286            -19.206  -79.151 

51114 Greenbank                 NRAO,  VLBI                        +343.68             +39.50  -63.58 

51118 Haystack                    VLBI                                         +5.185           -23.832  -62.527 

51118 Haystack                     DOP.  Sta.  30078                      -93.219          -429.458  -382.077 

51123 McDonald                   Lunar  Laser  Ranging              -99.41                +8.36  -55.03 

51141 PalosVerdes              ARIES  VLBI                           -23.72             +52.08  +47.38 

51186 San  Francisco            ARIES  VLBI                          +115.50                -7.70  +60.40 

51188 Pasadena                   ARIES  VLBI                         +178.62           -129.77  -24.62 

NOTE:  The  position  differences  are  provisional  values.  Final  adjusted  values  will  be  presented  in  a 
NOAA  NOS  NGS  Technical  Memorandum  Series  later  in  1978. 


Intercomparisons  Results 

Before  the  comparisons  were  made,  a  known  scale  bias  was  applied  to  the 
Doppler  positions.  This  scale  correction  is  based  on  two  error  sources  reported  by 
Anderle  (1978)  of  the  Naval  Surface  Weapons  Center.  The  Doppler  height  must  be 
reduced  by  1.7  m  because  the  satellite  orbits  are  computed  using  an  Earth 
gravitational  constant  that  differs  from  the  best  available  value  by  about  0.5  km  7 
s2.  Second,  a  height  correction  of  about  —0.7  m  must  be  applied  to  adjust  for  the 
offset  of  the  phase  center  of  the  satellite  antenna  relative  to  the  center  of  mass  of 
the  Transit  satellites.  The  total  height  reduction  of  2.4  m  corresponds  to  a  scale 
correction  of  —0.38  ppm. 

Some  of  the  VLBI  chord  distance  determinations  required  a  scale  correction 
of  -0.14  ppm  to  adjust  for  the  difference  between  the  current  accepted  value  for 
velocity  of  light  of  299,792.458  km/s  and  the  old  value  of  299,792.5  km/s  used  in 
these  VLBI  reductions. 

After  the  appropriate  scale  corrections  are  applied,  the  Doppler  chord 
distances  agree  with  distances  obtained  using  the  fixed  VLBI  antennae  at  about 
30-cm  level,  as  indicated  in  table  8.  The  Doppler  spin  axis  is  oriented  to  within 
0.1"  (arc  sec)  of  VLBI  reference  system.  The  longitude  differences  indicate  Doppler 
is  west  of  the  VLBI  reference  meridian  by  about  0.77". 

The  best  determined  VLBI  line  is  from  Haystack  to  Owens  Valley.  This  is  the 
result  of  improved  observational  equipment  and  reduction  techniques.  On  the 
other  hand,  the  Goldstone-Haystack  VLBI  results  are  mostly  from  1972-73  data 
sets  observed  with  various  bandwidth  receivers  where  the  bandwidth  was  23  to  46 
MHz  compared  to  300  MHz  for  today's  receivers.  This  important  factor  affected 
the  delay  sensitivity  which  is  directly  proportional  to  the  bandwidth. 
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TABLE  6. — Lunar  laser  ranging  experiment  position  determinations. 

Radius  Longitude  Geocentric 

vector  (East)  latitude 

Station  (m) 

McDonald  Observatory    6,374,664.66        255        58        40.845        30         30        11.673 

Note. — Data  from  a  table  dated  March  27,  1975,  provided  by  Williams  (1975);  and  Williams  per 
communication.  Speed  of  light  used  in  data  reduction  was  299,792.458  km/sec. 

The  Greenbank  data  provided  questionable  results  due  to  problems  that 
occurred  with  the  clock  system  and  cable  delays.  As  mentioned  previously,  ground 
survey  connections  at  Greenbank  have  not  been  verified. 

Table  9  summarizes  the  comparisons  between  the  mobile  ARIES  VLBI  and 
Doppler  chord  distances.  The  agreement  was  consistent  with  the  fixed  VLBI 
comparisons  for  the  lines  Owens  Valley-Palos  Verdes  and  Pasadena-Goldstone 
(DSS  14).  However,  for  the  Owens  Valley-San  Francisco  and  Owens  Valley- 
Goldstone  (DSS  13)  the  agreements  are  at  the  75-cm  level.  These  larger  differences 
may  be  due  to  bad  Doppler  data  for  San  Francisco  and  local  survey  connections. 
While  the  survey  tie  between  the  Doppler  station  and  Goldstone  (DSS  14)  has  been 
verified,  NGS  has  not  had  an  opportunity  to  verify  the  tie  to  DSS  13  at  Goldstone. 
Because  of  the  questionable  Doppler  data  at  San  Francisco,  the  formal  estimated 
rms  accuracy  for  the  Doppler  longitude  is  over  1.00  m  compared  to  normal  results 
of  less  than  60  cm.  Since  the  San  Francisco-Owens  Valley  line  is  essentially  east- 
west,  the  larger  sigma  for  the  Doppler  longitude  could  be  the  cause  for  the  large 
difference  in  the  VLBI-Doppler  chord  distance  comparison. 

A  comparison  of  the  orientation  of  the  mobile  ARIES  VLBI  chord  distances 
with  Doppler  is  not  shown  because  for  these  relatively  short  vectors  of  180  to  380 
km,  a  50-cm  error  in  Doppler  position  is  comparable  to  0.3  to  0.6"  in  orientation. 
Thus,  for  these  short  lines,  comparisons  are  not  meaningful  at  any  reasonable 
accuracy  level. 

The  comparison  of  radius  vector  distances  determined  by  Doppler  and  LURE 
at  McDonald  Observatory  is  shown  in  table  10.  The  difference  in  the  radius  vectors 
was  —41  cm.  This  agreement  is  reasonable  considering  that  the  Doppler  position  is 
based  only  on  a  single  40-pass  solution  where  the  estimated  uncertainty  for  the 
height  is  ±50  cm.  The  longitude  difference  of  —0.75"  agrees  very  well  with  the 
fixed  VLBI  values. 

Table  7. — Deep  Space  Network  position  determinations. 

Spin  axis 
distance 
Station  (m) 

Goldstone,  DSS  11,  DSN  1  5,206,340.046  243 

Goldstone,  DSS  12,  DSN  2  5,212,051.731  243 

Goldstone,  DSS  13,  DSN  3  5,215,484.580  243 

Goldstone,  DSS  14,  DSN  4  5,203,996.994  243 

Note. — Data  provided  by  J.  Pease,  Jet  Propulsion  Laboratory,  per  communication  on  April  14,  1978. 
Speed  of  light  for  reductions  was  299,792.458  km/s. 
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Table  8. — Comparisons  ofDoppler  with  fixed  VLBI  (preliminary) . 

Stations  Chord  distance  Longi- 

Declina-  tude 

tion  dif-  differ- 

Doppler*  VLBI  Diff         ference  ence 

From —  To —  (m)  (m)  (cm)  (sec)  (sec) 

Haystack Goldstone** 3,899,798.61  3,899,798.84  -23  +0.036  -0.818 

Haystack Owens  Valley 3,928,931.74  3,928,931.67  +7  +.053  -.743 

Haystack Greenbank    844,851.40  844,851.23  +17  -.086  -.526 

Greenbank     Owens  Valley 3,324,620.54  3,324,620.08  +46  +.059  -.824 

*  Doppler  distance  corrected  for  scale  of  —0.38  ppm,  reference  "Mean  Earth's  Ellipsoid  Based  on 
Doppler  Satellite  Observations,"  R.  J.  Anderle,  NSWC,  April  78. 

**  VLBI  distance  corrected  for  scale  of  -0.14  ppm  to  adjust  for  currently  accepted  value  for 
velocity  of  light  of  299,792.458  km/sec. 

Comparisons  of  DSN  with  Doppler  spin  axis  distances  at  Goldstone,  Calif., 
are  given  in  table  11.  The  scale  and  longitude  differences  are  consistent  with  the 
other  comparisons.  The  Doppler  results  used  in  the  DSN  comparisons  are  the 
same  for  the  fixed  VLBI  comparisons  at  Goldstone. 

It  should  be  noted  that  although  the  DSN  values  were  for  four  independent 
sites  at  Goldstone,  the  interstation  distances  from  the  survey  ties  were  constrained 
in  the  DSN  solutions,  so,  in  effect,  there  is  only  one  independent  position  for  the 
DSN  data. 

Space  Systems  Validation  Project 

To  perform  a  more  comprehensive  evaluation  of  the  scale  and  orientation  of 
the  Doppler  coordinate  system,  a  special  Doppler  observation  project  was 
conducted  during  January,  February,  and  March  1978.  This  3-month  project, 
which  has  been  referred  to  as  the  "Interim  Space  System's  Validation  Project," 
was  a  cooperative  effort  that  involved,  in  addition  to  NGS,  NASA's  Goddard  Space 
Flight  Center  (GSFC)  and  the  Jet  Propulsion  Laboratory  (JPL).  With  Doppler 
observational  support  provided  by  DMATC,  Doppler  data  were  collected  simulta- 

TaBLE  9. — Comparisons  of  Doppler  with  mobile  VLBI  (preliminary). 
Stations  Chord  distance 


Doppler*  VLBI**  Difference 

To —  (m)  (m)  (cm) 


Owens  Valley    Palos  Verdes    386,950.74  386,950.59  +15 

Pasadena Goldstone  (DSS  14) 179,255.37  179,255.62  -25 

Owens  Valley    San  Francisco 374,156.43  374,157.24  -81 

Owens  Valley    Goldstone  (DSS  13) 236,416.45  236,415.77  +68 

*  Doppler  distance  corrected  for  scale  of  -0.38  ppm,  reference  "Mean  Earth's  Ellipsoid  Based  on 
Doppler  Satellite  Observations,"  by  R.  J.  Anderle,  NSWC,  April  1978. 

**  VLBI  distance  corrected  for  scale  of  -0.14  ppm  to  adjust  for  currently  accepted  value  for 
velocity  of  light  of  299,792.458  km/sec,  April  1978. 
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TABLE  10. — Comparisons  of  Doppler  with  lunar  laser  (preliminary). 

Radius  vector  Geo- 
centric 


latitude  Longitude 

Doppler*  Lunar  laser        Difference       difference        difference 

Station  (m)  (m)  (cm)  (sec)  (sec) 

McDonald  Observatory    6,374,664.25      6,374,664.66  -41  -0.159  -0.746 

*  Doppler  distance  corrected  for  scale  of  -0.38  ppm,  reference  "Mean  Earth's  Ellipsoid  Based  on 
Doppler  Satellite  Observations,"  R.  J.  Anderle,  NSWC,  April  1978. 

neously  at  the  sites  shown  on  figure  3.  Doppler  data  were  also  collected  during  the 
same  period  at  the  LURE  site  at  Haleakala  Science  Reserve,  Maui,  Hawaii. 

Other  cooperative  Doppler  observations  in  support  of  this  project  were 
collected  at  stations  in  Canada,  Germany,  Australia,  and  Sweden. 

The  objective  of  this  project  will  be  to  obtain  the  most  accurate  and 
comprehensive  intercomparison  possible  of  the  various  space  systems.  These 
systems  include  LURE,  VLBI,  ARIES  VLBI,  DSN,  satellite  laser  ranging,  and 
Doppler. 

It  is  expected  a  preliminary  report  on  the  results  of  the  intercomparisons  will 
be  completed  by  fall  of  1978.  The  report  will  include  an  analysis  of  the  internal 
consistency  of  the  Doppler  geocentric  and  relative  positions. 

Summary 

To  summarize,  it  was  found  that  after  the  Doppler  positions  were  corrected 
for  a  known  scale  bias  of  —0.38  ppm,  Doppler  distances  compared  with  VLBI, 
DSN,  and  LURE  measurements  at  the  30-cm  level  or  better  than  ±0.1  ppm. 

The  intercomparisons  for  orientation  indicated  the  longitude  origin  for  the 
Doppler  coordinate  system  is  about  0.80  ±  0.05"  west  of  the  other  space  system 
longitude  origins.  This  agrees  very  well  with  an  independent  determination  of  0.77" 
made  by  the  Defense  Mapping  Agency  using  comparisons  with  gravimetric 
deflections. 


Table  11. — Comparisons  of  Doppler  with  DSN  (preliminary). 


Spin  axis  distance 


Differ-  Longitude 

Doppler*                   DSN                 ence  difference 

Station                                             (m)                          (m)                   (cm)  (sec) 

100  Goldstone 

DSN  1 DSS  11 5,206,340.47         5,206,340.05          +42  -0.863 

DSN  2     DSS  12 5,212,051.98         5,212,051.73          +25  -.842 

DSN  3     DSS  13 5,215,484.83         5,215,484.58          +25  -.839 

DSN  4     DSS  14 5,203,997.53         5,203,996.99           +54  -.858 

*Doppler  distance  corrected  for  scale  of  -0.38  ppm,  reference  "Mean  Earth's  Ellipsoid  Based  on 
Doppler  Satellite  Observations,"  by  R.  J.  Anderle,  NSWC,  April  78. 
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The  Doppler  spin  axis  appears  to  be  oriented  to  within  0'.'08  of  the  fixed  VLBI 
coordinate  system. 

These  results  are  considered  preliminary.  More  definitive  results  are  expected 
when  final  analysis  is  completed  for  a  special  Doppler  observation  campaign 
carried  out  in  January  through  March  1978. 
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Discussion 

Mueller:  Were  any  corrections  made  for  the  recent  change  in  precessional  constant? 
Hothem:  No. 
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Abstract:  Satellite  Doppler  positioning  is  used  in  Canada  to  extend  and 
reinforce  the  existing  framework  of  horizontal  control  surveys  and  to 
provide  ellipsoidal  heights  for  geoid  studies.  Observation  of  all  satellites 
in  the  Navy  Navigation  or  Transit  system  and  independent  computations 
using  precise  and  broadcast  ephemerides  have  provided  a  wealth  of  data 
for  analysis.  Three-dimensional  adjustment  of  the  basic  Doppler  network 
of  200  stations  was  made  possible  by  utilizing  a  field  technique  of 
deploying  several  receivers  simultaneously  and  by  overlapping  of  station 
groups.  Recent  free  adjustments  of  the  terrestrial  network  have  provided 
external  scale  and  orientation  checks.  This  paper  describes  the  computa- 
tional process,  summarizes  the  results  achieved  to  date,  and  indicates  the 
way  in  which  the  Canadian  Satellite  Doppler  network  will  contribute  to 
the  1983  North  American  Datum. 


Introduction 

Satellite  Doppler  positioning  was  introduced  to  Canada  in  1968  by  Shell 
Canada  Resources  Limited  and  the  Bedford  Institute  of  Oceanography  (Hittel 
1969;  Wells  1969).  Prompted  by  early  investigations  and  field  tests  (Krakiwsky  and 
Kouba  1970;  Hittel  et  al.  1971;  Krakiwsky  et  al.  1973)  and  the  persuasive  Geoceiver 
test  report  (DOD  1972),  the  Geodetic  Survey  Division  of  the  Surveys  and  Mapping 
Branch,  Department  of  Energy,  Mines  and  Resources,  decided  to  embark  on  a 
program  of  Doppler  surveys  in  1973.  Since  then  more  than  300  points  have  been 
established  throughout  Canada  giving  complete  coverage  at  a  spacing  of  300  to  500 
km.  During  this  period  the  Geodetic  Survey  has  been  actively  involved  in  research 
and  development  of  satellite  Doppler  techniques.  A  major  achievement  is  the 
GEODOP  software  package  and  the  present  procedures  for  adjustment  and 
analysis  of  Doppler  data  (Kouba  et  al.  1974;  Kouba  and  Boal  1976;  Kouba  and 
Wells  1976).  Both  precise  and  broadcast  ephemerides  are  used;  axes  rotations  and 
scale  changes  for  each  observing  period  of  a  few  days  are  included  as  parameters 
of  combination  solutions  (Boal  1977). 
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Development  of  Computer  Programs 

The  origin  of  the  GEODOP  package  can  be  traced  back  to  the  simulation 
study  carried  out  at  the  University  of  New  Brunswick  (Krakiwsky  and  Kouba  1970). 
Major  development  work  was  done  by  Kouba  while  working  at  Shell  Canada  from 
1970  to  1972  and  than  at  Geodetic  Survey  during  the  period  1972-74.  By  the  end  of 
1974  the  package  was  complete  and  only  minor  modifications  have  been  required 
since  that  time.  It  consists  of  four  main  elements:  preprocessor  programs  PREDOP 
and  PREPAR  (Lawnikanis  1975a,  1975b),  GEODOP  Utilities  for  file  handling  and 
editing  (Lawnikanis  1975c),  and  the  main  reduction  program  GEODOP  (Kouba  and 
Boal  1975). 

Program  PREDOP  is  used  when  the  broadcast  satellite  ephemeris  is  decoded 
and  recorded  by  the  receiver  (e.g.,  JMR1,  CMA722B,  etc.),  while  program 
PREPAR  is  used  for  either  the  TRANET  or  Geoceiver  type  equipment,  which 
record  only  Doppler  counts  and  clock  times  and  require  an  externally  supplied 
ephemeris  input.  Of  the  Utilities,  MERGE  allows  combination  of  several  station 
data  files,  extraction  of  specified  data  time  spans  and/or  satellites,  and  replacement 
of  broadcast  orbit  representation  with  precise.  PRERED  and  POSRED  read  and 
print  the  two  types  of  binary  data  files  and  NWLF1T  computes  the  Chebyshev 
polynomial  coefficients  for  the  precise  ephemeris  supplied  by  the  Defense  Mapping 
Agency  in  Washington,  D.C. 

The  fourth  element,  GEODOP,  is  designed  to  reduce  and  adjust  the  data  (30- 
second  Doppler  counts)  collected  simultaneously  at  up  to  15  tracking  stations  and 
to  produce  all  the  information  required  for  analysis  of  receiver  performance  and 
positional  accuracy.  GEODOP  employs  a  sequential  adjustment  technique  with 
approximate  or  weighted  solution  parameters  being  updated  after  each  satellite 
pass.  Each  pass  is  tested,  before  being  contributed  to  the  final  solution,  by  means 
of  misclosure  tests,  maximum  residual  (3a  limit)  test  and  \2  test  f°r  the  overall  fit 
of  residuals  and  parameters. 

The  Doppler  measurement  is  corrected  for  tropospheric  refraction  by  means 
of  the  simplified  Hopfield  model.  The  mathematical  model  used  to  relate  the 
vacuum  Doppler  measurement  to  range  difference  is 

(rk  ~  OJ/x  +  (tk  -  tj)  Af  +  Si  -  (Ni  +  €,)  =  0 

where  Js  are  transmission  times,  r*s  are  distances  between  satellite  positions  at  t's 
and  ground  positions  at  t  +  r/c,  A/  is  the  frequency  offset,  f0  —  fg,  /V,  is  the 
measured  Doppler  count  in  wavelength  k  —  c/f0,  and  e  is  the  measurement  error 
noise.  S,  is  the  error  model  containing  for  each  pass  three  orbital  biases,  one 
timing  bias  and  a  refraction  scaling  bias  per  station  per  pass.  For  smoothing  the 
broadcast  orbits  we  are  using  base  functions  derived  by  D.E.  Wells  (Wells  1974) 
(namely  1,  t,  sin  2/if,  cos  2nt)  where  n  is  satellite  mean  motion  and  t  is  time. 
Precise  orbits,  supplied  as  Cartesian  coordinates  and  time  derivatives  at  1-minute 
intervals,  are  represented  by  Chebyshev  polynomials  of  the  seventh  order.  Table  1 
lists  program  constants  and  limitations.  For  more  details  about  the  software 
package,  the  reader  is  referred  to  Lawnikanis  (1975a,  b,  c)  and  Kouba  and  Boal 
(1975). 

We  are  planning  extensive  modifications  to  our  programs  during  1978.  Our 


Adjustment  and  Analysis  of  Satellite  Doppler  Network,  Canada        183 

Table  1. — GEODOP  constants  and  limitations. 

Speed  of  light c  =  299,792.50  km/sec 

Mean  Earth  rotation    w  =4.375,269  1  X  10_:|  rad/min 

A  priori  variance  factor <rl=  100 

Tropospheric  refraction  scaling  bias     cr  =  ±0.1(10%) 

Tropospheric  refraction  model  constants hd  =  40,136  m 

hw  =  11,000  m 

Maximum  number  of  Doppler  counts/station/pass 32 

Maximum  number  of  stations  observing  simultaneously    15 

Maximum  number  of  passes No  limit 

aims  are  to  increase  accuracy,  produce  more  reliable  accuracy  estimates,  make 
the  programs  easier  to  use,  and  minimize  the  input  required. 

Field  Observations  1974-76 

For  the  three  5-month  field  seasons,  1974,  1975,  and  1976,  the  Supplementary 
Control  Section  of  the  Geodetic  Survey  deployed  up  to  eight  receivers  in  semi- 
independent  mode  across  the  length  and  breadth  of  Canada  (figs.  1,  2,  3).  Details 
ol  these  operations  are  contained  in  the  reports  of  the  field  supervisors  (Colwell 
1974;  MacQuarrie  1975;  Eaton  1976).  Transportation  in  the  north  was  by  chartered 
or  scheduled  aircraft  (rotary  or  fixed-wing);  in  the  south,  departmental  or  rental 
vehicles  were  used.  Communication  between  observing  teams  and  the  field 
supervisor  was  by  H.F.  radio  or  by  telephone.  Although  the  teams  operated  in 


Figure  1 — 1974  satellite  Doppler  stations. 
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SATELLITE     DOPPLER     STATIONS 
1975 


Figure  2—1975  satellite  Doppler  stations. 


FIGURE  .3—1976  satellite  Doppler  stations. 
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Figure  4 — 1976  Doppler  station  occupancy  chart. 

semi-independent  fashion,  at  least  one  receiver  (base  station)  was  operating  at  all 
times  during  each  season  to  ensure  overlapping  of  station  groups  and  to  allow  an 
eventual  network  adjustment.  Figure  4  shows  the  pattern  for  1976.  The  accuracy 
goal  was  0.5  m  (lcr)  between  stations  observed  simultaneously  and  0.8  m  (lcr) 
between  adjacent  stations  correlated  only  through  a  single  "base"  station. 
Sufficient  passes  of  "precise"  satellites  were  recorded  at  each  station  to  allow 
independent  precise  point  positioning  as  well  as  multistation  network  solutions 
(Kouba  and  Wells  1976).  Failure  to  detect  malfunctioning  receivers  in  the  field 
required  that  four  stations  observed  prior  to  1976  be  reobserved  in  that  season.  A 
new  technique  to  discover  oscillator  problems  by  comparing  several  receivers 
through  their  self-test  circuitry  was  developed  at  Geodetic  Survey  in  time  for  the 
1977  season.  Table  2  gives  a  summary  of  the  stations  observed  to  the  end  of  1976. 


Table  2. — Doppler  stations  observed  to  the  end  of  1976. 

Type  1973*  1974  1975 

New  stations 20  49  73 

Reobserved 5  7 

Replaced 

Contracted  out    


1976 


Totals 


*  Precise  point  positions  only. 
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DOPPLER     DATA    PROCESSING    FLOW    DIAGRAM 


FIGURE  5 — Data  processing  flow  diagram. 


Data  Reduction  and  Analysis 

A  flow  diagram  of  the  major  steps  in  the  process  employed  up  to  the  end  of 
1976  is  given  in  figure  5.  Majority-voted  data  are  first  screened  by  the  PREDOP 
preprocessor  program,  meteorological  data  are  added,  and  broadcast  satellite  orbits 
are  smoothed.  The  GEODOP  adjustment  program  creates  binary  single  station 
files  (TAPE7)  with  unacceptable  passes  and  Doppler  counts  deleted.  MERGE 
combines  the  TAPET's  for  a  group  of  stations  and  segregates  the  passes  of 
satellites  for  which  the  precise  ephemerides  have  not  been  computed  (TAPE5). 
MERGE  may  also  be  used  to  replace  the  broadcast  orbits  with  the  precise 
Chebyshev  coefficients  for  the  appropriate  passes  selected  from  the  total  data  set 
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in  TAPE6.  These  passes  can  then  be  processed  by  GEODOP  to  produce  a  precise 
multistation  solution  containing  adjusted  X,  Y,  Z  coordinates  and  a  fully  populated 
variance-covariance  matrix  (TAPE9).  Similarly,  the  TAPE5  broadcast  passes  are 
adjusted  by  GEODOP  to  produce  a  broadcast  TAPE9.  It  is  important  to  note  here 
that  each  TAPE9  is  independent  and  no  Doppler  count  is  used  twice. 

The  two  TAPE9's  are  accepted  as  input  by  the  three-dimensional  adjustment 
program  GDLSAT  (Agarwal  1978)  which  appropriately  augments  the  variance- 
covariance  matrices  to  reflect  possible  translation  biases  (Kouba  and  Wells  1976) 
and  then  transforms  the  broadcast  solution  into  the  precise  coordinate  system  by 
means  of  a  simultaneous  solution  for  position  and  (up  to  seven)  transformation 
parameters.  A  file  similar  to  a  TAPE9  is  the  result  and  this  TAPE2  represents  the 
final  solution  for  a  single  group  of  up  to  IS  stations.  Boal  (1977)  gives  the 
transformations  computed  in  1976.  Several  TAPE2's  may  be  combined  by  an  out- 
of-core  version  of  GDLSAT  called  GDLSTM  which  produces  a  single  solution  file 
for  the  entire  field  season  in  either  two  or  three  dimensions  (TAPE1).  For 
contributing  to  the  most  recent  test  adjustment  of  the  Canadian  primary  horizontal 
network  (Beattie  et  al.  1978)  two-dimensional  ($,  A)  TAPETs  were  produced  for 
each  of  the  major  field  seasons.  Single  station  files  were  contributed  from  nine 
uncorrected  precise  point  positions  observed  in  1973.  Twenty-nine  station  positions 
observed  by  Shell  Canada  as  part  of  a  contract  survey  for  the  Manitoba  government 
were  computed  in  a  similar  fashion  and  added  to  the  horizontal  network  as  a 
TAPE1.  We  note  that  for  the  contract  survey  only  the  broadcast  satellite  ephemeris 
was  employed  since  high  relative  rather  than  absolute  accuracy  in  a  brief  observing 
period  was  the  goal  of  the  project  (Hittel  et  al.  1977).  All  TAPE1  results  were 
scaled  down  by  1  ppm  and  longitude  east  increased  by  0.65  arc-second  to  the 
average  terrestrial  system  prior  to  combination  with  the  terrestrial  network. 

Data  quality  analysis  begins  with  the  single  station  GEODOP  solutions  which 
produce  TAPE7s.  The  program  plots  receiver  frequency  offset  versus  time  for 
each  satellite  pass  and  significant  departures  from  a  linear  trend  or  an  excessive 
slope  to  the  line  are  immediately  apparent.  Rejection  percentages  for  complete 
passes  and  30-second  Doppler  counts  are  carefully  monitored  to  ensure  that 
appropriate  relative  weighting  of  receiver  counting  and  satellite  trajectory  is 
maintained,  figures  6  and  7  show  oscillator  performance  and  receiver  counting 
accuracy,  respectively,  for  the  1976  field  season.  From  figure  7,  mean  values  of 
receiver  standard  deviation  were  assigned  to  each  set  for  the  entire  season  and 
used  to  ensure  proper  relative  weighting  in  multistation  solutions. 

Results  and  Comparisons 

By  the  end  of  1976,  13  stations  had  been  occupied  more  than  once  to  provide 
an  overlap  of  the  various  major  field  seasons  and  to  allow  a  single  network  solution 
to  be  computed.  Table  3  and  figures  8,  9,  and  10  summarize  the  repeatability  of 
interstation  distance  and  ellipsoidal  height  difference  measurements  as  well  as  the 
consistency  of  the  seasonal  solutions.  The  reason  for  the  ellipsoidal  height  anomaly 
at  station  ROCK  in  1976  is  still  being  investigated.  Station  TURN  was  observed  in 
1975  using  receiver  110  with  an  inferior  oscillator  temporarily  installed.  Ellipsoidal 
height  differences  between  LYNN  LAKE  and  PLUM  COL  LEE  are  affected  by  the 
different  ephemerides  employed  since  broadcast  axes  have  small  rotations  and 
scale  variation  with  respect  to  precise.  Beattie  et  al.  (1978)  show  that  the  primary 
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FIGURE  6 — Receiver  frequency  plot  (1976  season). 
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TABLE  3. — Repeatability  of  interstation  distances  and  height  differences . 


Line 


A(A/i) 
Metres 
Year  2-1 


A/i 
Metres 


A  Distance 


Metres 


ppm 


Tuk-Victoria 1.   1974  16.20               0.82 

2.   1975  0.76                  16.96 

Frobisher-Victoria 1974  -0.83                 33.82                1.35 

1976  32.99 

Rock-Frobisher 1974  *(3.81)              575.73               0.72 

1976  579.54 

Rock-Squaw 1974  *(4.91)                  9.32               0.59 

1976  14.23 

Squaw-Cowhead    1974  -0.13                519.89                1.55 

1976  519.76 

Smokey-Cowhead 1974  -0.22               293.13               2.12 

1976  292.91 

Thompson-Victoria    1975  -0.42               235.07               0.45 

1976  234.65 

Thompson-Bearskin 1975  -0.93                 38.08               0.79 

1976  37.15 

Keeley-Thompson 1975  0.74               447.46                1.07 

1976  448.20 

Keeley-Turn   1975  0.55               256.25             *(2.14) 

1976  256.80 

Iddesleigh-Keeley 1975  0.11                184.47               0.80 

1976  184.58 

Lynn  Lake-Plum  Coulee 1975  *(2.58)                 84.84             *(1.98) 

broadcast  87.42 

|  Mean  |  0.52                                         1.03 


0.8 
0.8 
0.6 

L7 
1.9 

5.1 

0.3 
1.5 
L6 

*(9.5) 
L.6 

*(2.2) 

1.6 


Figures  in  parentheses  not  included  in  means. 


terrestrial  network  in  Canada  is  underscaled  overall  by  1.5  ppm  and  exhibits  a 
consistent  clockwise  rotation  in  azimuth  of  about  0.5  arc  second  with  respect  to 
the  Doppler  network.  Table  3  shows  that  the  repeatability  of  our  Doppler  distances 
is  about  1  m  on  lines  averaging  650  km  long. 

Summary  and  Conclusions 

We  at  the  Geodetic  Survey  have  developed  and  adopted  unique  observing  and 
reduction  methods  which  take  advantage  of  both  precise  and  broadcast  satellite 
ephemerides.  The  former  has  been  used  to  provide  a  highly  accurate  global 
reference  framework,  while  the  latter  contributes  mainly  to  improved  relative 
accuracy.  Our  GEODOP  software  package  has  found  acceptance  in  both  govern- 
ment agencies  and  private  industry  and  has  been  shown  (Kouba  and  Boal  1976)  to 
give  good  agreement  with  programs  used  by  the  U.S.  National  Geodetic  Survey 
and  the  U.S.  Naval  Surface  Weapons  Center.  Repeatability  of  distance  and  height 
difference  determination  is  at  the  1-m  level. 
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FlGURF.  ft— Standard  point  ellipses  at  inter-season  link  stations  (1974-1975). 
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FIGURE  9— Standard  point  ellipses  at  inter-season  link  stations  (1974-1976). 
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FIGURE  10 — Standard  point  ellipses  at  inter-season  link  stations  (197S-1976). 
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Discussion 

Ashkenasi:  What  corrections  do  you  apply,  if  any,  to  transform  broadcast  ephemeris-derived  coordinates 
into  precise  ephemeris-related  coordinates? 

Boal:  We  solve  for  4  transformation  parameters  for  each  broadcast  solution  (3  rotations  and  scale).  The 
nature  of  the  broadcast  system  does  not  allow  us  to  define  an  explicit  a  priori  transformation. 

Ashkenazi:  This  may  be  a  dangerous  practice  if  one  uses  the  Doppler  system  to  derive  absolute 
positions. 

Kouba:  In  Canada,  we  use  relative  positions  derived  from  broadcast  ephemeris.  Seven  transformation 
parameters  (broadcast  into  precise)  are  solved  for  each  group  of  points. 
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Abstract:  The  Geodetic  Survey  of  Canada  (GS),  Surveys  &  Mapping 
Branch,  Department  of  Energy,  Mines  &  Resources  (EMR);  and  the 
National  Geodetic  Survey  (NGS)  of  the  National  Ocean  Survey,  National 
Oceanic  and  Atmospheric  Administration  (NOAA)  have  used  the  Navy 
Navigation  Satellite  System  since  1973  to  establish  over  350  stations  in 
support  of  the  redefinition  of  the  North  American  Datum  (NAD).  To 
ensure  compatibility  of  the  Doppler  positional  results,  GS  and  NGS  have 
been  coordinating  efforts  to  determine  whether  there  are  biases  which 
might  exist  between  their  Doppler  survey  networks.  The  first  step  in  this 
study  was  carried  out  by  reducing,  with  the  GS  and  NGS  Doppler 
reduction  programs,  IAG  SSG  2.44  standard  data  set  no.  1  and  14  United 
States-Canadian  border  Doppler  station  data  sets.  Comparisons  of  GS 
and  NGS  results  are  presented,  including  a  description  of  the  options  and 
characteristics  of  the  data  processing  used  in  the  compatibility  studies. 
Also,  proposed  improvements  in  the  Doppler  reduction  programs  are 
discussed,  which  may  lead  to  even  better  agreement. 

Introduction 

Since  1973  the  U.S.  National  Geodetic  Survey  (NGS)  of  the  National  Ocean 
Survey,  NOAA,  and  the  Geodetic  Survey  of  Canada  (GS),  Surveys  and  Mapping 
Branch,  have  established  over  300  Doppler  points  in  the  United  States  and  Canada 
in  preparation  for  the  forthcoming  1983  NAD  new  adjustment.  The  Doppler 
surveys  by  the  two  agencies  used  different  instrumentation,  reduction  programs, 
as  well  as  observation  strategies.  NGS  used  the  Magnavox  Geoceivers  and  program 
DOPPLR,  developed  by  the  U.S.  Defense  Mapping  Agency  Topographic  Center 
(DMATC)  (Smith  et  al.  1976).  NGS  has  performed  extensive  testing  of  the  program 
and,  in  a  coordinated  effort  with  DMATC,  has  made  some  improvements.  The 

195 


196  Jan  Kouba  and  Larry  Hothem 

Geodetic  Survey  is  using  the  Canadian  Marconi  receivers,  CMA  722B,  and  the 
GEODOP  reduction  programs  (Kouba  and  Boal  1975)  developed  at  Shell  Canada 
and  GS.  The  NGS  has  used  the  point-positioning  method  of  data  reduction.  The 
GS  has  used  point-positioning  for  only  a  few  stations  with  the  rest  positioned  by 
the  semishort  arc  method.  In  the  semishort  arc  solutions,  the  stations  were 
observed  in  groups  with  overlays  to  provide  increased  relative  accuracy.  While 
both  agencies  used  the  precise  ephemeris,  GS  also  used  the  broadcast  ephemeris 
with  their  combined  network  solutions  (Strange  and  Hothem  1976;  Kouba  and  Boal 
1976). 

In  1975,  NGS  and  GS  jointly  observed  and  reduced  eight  stations  along  the 
Canada-United  States  border,  using  respective  regular  observing  and  point-posi- 
tioning reduction  methods.  Initial  results  of  comparisons  were  reported  in  (Kouba 
and  Boal  1976).  Good  agreement,  well  below  the  1-m  level,  was  obtained  despite 
different  programs,  hardware,  and,  in  some  cases,  observing  periods.  The 
DOPPLR  program  was  also  compared  with  another  point-positioning  program  of 
DMA  (Beuglass  1975),  and  similar  agreements  were  noted  (Hothem  1975). 

For  this  report,  six  additional  border  stations  and  an  International  Association 
of  Geodesy  (1AG)  test  data  set  was  also  used  for  the  comparison  studies. 

It  is  stressed  that  this  is  a  preliminary  report.  A  joint  NGS-GS  report  is 
expected  at  a  later  date,  once  the  research  into  compatibility  and  increased 
accuracy  has  reached  a  satisfactory  level.  The  numerous  VLBl-Doppler  experi- 
ments in  the  United  States,  Canada,  and  United  Kingdom  conducted  during  1977 
and  1978  are  expected  to  contribute  significantly  to  achieving  compatibility  as  well 
as  an  increase  of  accuracy. 

Reduction  Programs 

Both  DOPPLR  and  GEODOP  programs  are  similar  in  design,  although  there 
are  some  differences  which  may  be  cause  for  different  results.  To  understand  the 
causes  of  the  differences,  both  program  formulations  are  compared  and  some 
differences  highlighted.  More  complete  descriptions  of  the  programs  can  be  found 
in  (Smith  et  al.  1976)  for  DOPPLR  and  in  (Kouba  and  Boal  1975)  for  GEODOP. 

The  Doppler  equation  used  in  DOPPLR  is  of  the  form:  (Smith  et  al.  1976:  9) 

N   =/o  (  t2   -  l\   +  rJC    -  r\lC    +    €2   ~    el> 

-ft  [*2  ~  t\  +  62  ~  *i  +  r/c  (€2  -  e,)  +  (r,  -  rx)~e/c],  (1) 

where  N  is  the  Doppler  count, /0  and/,  are  the  receiver  and  satellite  frequencies, 
respectively,  rjc  and  r2/c  are  propagation  delays  at  emission  times  tx  and  t>,  ex  and 
€2  are  combinations  of  time  errors  and  delays,  the  t  and  e  are  the  mean  values  of 
the  range  derivative  and  the  delay,  respectively,  and  rx  and  r.2  are  range  derivatives. 
GEODOP  uses  the  equation  (Kouba  and  Boal  1975): 

W  =fo(h  ~  h  +  r2/c  -  rjc  +  6,  -  ex)  -/,  U,  -  t,  +  e,  -  e2)  (2) 

where  ranges  r,  and  r2  are  evaluated  at  tx  +  e,  and  t2  +  e2  which  can  be  seen 
equivalent  to  DOPPLR  formulation  in  (1),  subject  only  to  second  order  effect  which 
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is  negligible.  It  should  be  noted  here,  that  ranges  r's  include  a  small  effect  of  the 
Earth  rotation  due  to  the  travel  time  r/c,  (decreasing  k — east  by  about  0.025"  with 
respect  to  the  DOPPLR  solution  where  this  is  neglected).  GEODOP  includes  some 
additional  error  biases  in  eq.  (2)  such  as  orbital  bias  and  tropospheric  refraction 
scale. 

The  effect  of  troposphere  in  DOPPLR  is  computed  by  means  of  a  weather- 
modified  Hopfield  model  with  rigorous  integration  (Yionoulis  1970).  GEODOP  uses 
the  same  weather-modified  Hopfield  model  (Hopfield  1972)  with  the  following 
approximation  of  the  integral  suggested  by  Hopfield: 

/,•  =  sec  (E2  +  e?)4, 

where  E  is  the  elevation  angle  and  O,  is  a  constant  equal  to  2.5°  for  the  dry  and 
1.5°  for  wet  component,  respectively.  This  approximation  was  shown  to  be  within 
0.6  percent  above  5°  and  0.1  percent  above  10°,  (Kouba  et  al.  1974)  and  should  not 
affect  the  height  more  than  10  cm.  There  is,  however,  a  difference  in  the 
integration  height  limits.  DOPPLR  and  GEODOP  use  the  interval  (  o,  ht  -  hs(  ) 
for  the  integration  height  limits,  where  h,  denotes  dry  and  wet  model  height 
parameters  (hd,hw)  and  hst  is  the  station  height. 

Adjustments  used  in  both  programs  are  similar  except  for  one  significant 
difference.  GEODOP  changes  a  priori  values  from  pass  to  pass  (updating) 
according  to  the  solution  which  includes  all  previous  passes.  DOPPLR  adjustment 
is  the  standard  summation  of  normals  (also  sometimes  referred  to  as  Helmert  block 
adjustment)  with  iterations.  It  has  been  shown  that  these  two  methods  of 
adjustment  agree  with  each  other  to  within  10  cm. 

DOPPLR  and  GEODOP  regular  solutions  have  some  difference  relative  to 
data  editing  and  filtering  criteria.  For  program  GEODOP,  all  passes  with  elevations 
at  closest  approach  below  14?5  and  data  points  below  7?5  are  deleted  from  the 
solutions.  Program  DOPPLR  accepts  all  passes  and  data  points  above  10°.  While 
both  programs  use  3  cr0  rejection  criteria  (a  posteriori  for  DOPPLR  and  a  priori  for 
GEODOP),  program  GEODOP  also  uses  a  maximum  residual  test  (prior  3  cr-test) 
and  x2  test  at  99  percent  for  each  pass  contribution.  The  difference  in  data  editing 
itself  can  cause  variations  of  the  order  of  20  cm.  The  program  comparisons  are 
summarized  in  table  1. 


Comparisons 

The  comparison  studies  were  carried  out  by  reducing  Geoceiver  data  collected 
in  1974  and  1975  at  14  border  stations  and  Marconi  data  collected  at  11  of  the 
same  sites.  Eight  of  the  eleven  Marconi  data  sets  were  acquired  with  the  Marconi 
722B  which  was  the  same  instrument  used  for  most  of  the  Canadian  Doppler 
network.  The  other  three  were  observed  with  the  older  Marconi  model,  722A. 
Additionally,  1AG  Special  Study  Group  2.44  (SSG  2.44)  standard  data  set  No.  1, 
Geoceiver  data  observed  simultaneously  at  four  stations  in  southern  California, 
were  also  processed  by  both  agencies. 

Eight  of  the  eleven   Marconi  data  sets  were  collected  simultaneously  with 
Geoceiver  observations  at  stations  51096,  51098,  51099,  51100,  51101,  51102,  51142, 
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Table  1. — Summary  of  program  comparisons. 

Item  DOPPLR(NGS)  GEODOP  (GS)  Units 

Speed  of  light 299,792.50  299,792.50  km/sec. 

Ephemeris  fit  (X,Y ,ZJ(,Y,Z) Power  series  polynomial,  Chebyshev  polynomial, 

10th  order  7th  order  (*) 

Refraction,  tropospheric  Hopfield  quadratic,  Hopfield,  simplified 

model.  rigorous 

Integration  bounds    O  ->  (hd  -  hsta),  (hw  -  hsta)  O  -*  (hd  -  hsta),  (hw  -  hsta)        km 

Constants,  hd    40.1+0.149T  40. 136  +  0. 14872  T  km,  °C 

Constants,  hu,    12  11  km 

Frequency  offset  solution    Yes  Yes,  weighted  or 

unweighted 

Adjustment    Batch  adjustment,  Sequential  adjustment 

summation  of  normals 

Iterations Yes,  until  total  position  No  (updating  between 

change  less  than  0.5  cm  passes) 

Weighting  of  observations Uncorrelated  Uncorrelated  or  correlated 

Maximum   number  of  passes      100  Unlimited 

Maximum  number  of  Doppler.      40  32 

Filtering  tolerance    3  <x0(2)  3  a0,  misclosure,  \2 

Maximum  number  of  stations.  -    1  1  to  15 

Ellipsoid,  semi-major  axis  637,8145  637,8145 

Flattening.  1/298.25  1/298.25  m 

Earth  rotation  effect  due  to  No  Yes(3) 

time  delay. 

1  For  the  SLOPE  data,  GEOPOP  solutions  using  a  7th  and  9th  order  fit  were  made  and  compared 
with  the  regular  NGS  DOPPLR  solutions. 

(To  —  standard  error  of  unit  weight  of  observation  residuals. 
3  Included  in  GEODOP  since  1975. 

and  51143.  Using  the  ground  survey  ties  between  the  collocated  Doppler  stations, 
the  Marconi  Doppler  position  determinations  were  transferred  to  the  Geoceiver 
survey  points  before  comparisons  of  results  were  made. 

Four  independent  comparisons  were  made  to  determine  the  compatibility  of 
the  Doppler  reduction  programs  and  one  comparison  to  evaluate  the  compatibility 
of  the  Doppler  station  networks.  Using  the  same  data,  the  four-program  compari- 
sons involved  comparing  point-positioning  solutions  of  one  program  using  the 
regular  options  of  one  of  the  agencies  with  solutions  from  the  other  Doppler 
program  with  compatible  options.  The  options  used  in  these  comparisons  are 
summarized  in  table  2.  The  18  Geoceiver  data  sets  included  in  these  comparisons 
are  summarized  in  table  3.  All  data  were  processed  with  the  precise  ephemerides. 

The  results  of  the  four  Doppler  program  comparisons  are  summarized  in 
tables  4,  5,  6,  and  7.  Table  4  compares  the  regular  NGS  DOPPLR  solutions  for  the 
14  border  stations  with  GS  GEODOP  solutions  that  approximated  the  normal  NGS 
options  with  the  exception  of  7?5  rather  than  10°  cutoff  for  data  points  being  used 
in  GEODOP.  The  different  cutoff  results  in  about  12  percent  more  data  points  in 
the  GS  solutions.  The  agreement  was  generally  within  0.5  m  for  <f>  and  \,  and  1 
meter  for  H.  Figure  1  illustrates  the  magnitude  and  direction  of  the  vector 
difference  for  13  of  the  14  border  stations.  It  is  noted  the  GEODOP  A  is 
systematically  west  of  DOPPLR  A.  This  shows  the  effect  of  the  Earth  rotation 
correction  for  transmission  delay  in  program  GEODOP  which  was  not  in  DOPPLR. 
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TABLE  2. — Summary  of  program  options  used  for  comparison  studies. 


NGS  DOPPLR  solutions 


GS  GEODOP  solutions 


NGS  Combined 

Item                                 Regular1          GS  options1       Regular2  options1  network3 

Ephemerides 

Precise Yes  Yes  Yes  Yes  Yes 

Broadcast     No  No  No  No  Yes 

Tropospheric  scale  bias No  Yes  Yes  No  Yes 

Uncertainty 10%  10%  .001%  10% 

Orbital  bias None  None  Three  Three  Three4 

Alongtrack 2.0  m  .01m  2.0  (26)  m 

Cross  track 1.0  m  .01m  1.0  (5)  m 

Radial   2.0  m  .01m  2.0  (10)  m 

Sigma  limit  on  clock  error None  None  None  None  None 

Pass  elevation  cutoff 10°  8°  14?5  10°  14?5 

Data  point  elevation  cutoff     10°  8°  7?5  510°  7?5 

Satellite  signal  wave  length    Constant8  Constant6  Input  Input  Input 

Frequency  drift    None  None  Input  Input  Input 

Observation  sigma n.a.  n.a.  Input  Input  Input 

Timing  bias 

Sigma    None  None  100 /xs  100 /xs  100 /xs 

Adjustment Receiver  to  Receiver  to  Pass  to  Pass  to  Pass  to 

receiver               receiver               pass  pass               pass 

1  Point-positioning  method. 

2  Point-positioning  method  with  orbital  bias. 
:t  Multistation  (semishort  arc)  method. 

4  Numbers  with  (   )  are  orbital  biases  for  solutions  utilizing  broadcast  ephemerides. 

5  For  the  border  station  solutions,  the  data  point  elevation  cutoff  was  7?5  instead  of  10°. 
H  Constant  =  0.74954121  m  =  c/(400  -  0.032). 


The  large  differences  for  H  are  mostly  due  to  differences  in  refraction  modeling, 
ephemeris  fitting,  and,  to  a  lesser  extent,  data  editing. 

Table  5  compares  regular  GS  GEODOP  point-positioning  solutions  for  the  14 
border  stations  with  NGS  DOPPLR  solutions  that  approximated  the  normal  GS 
options  with  the  exception  that  DOPPLR  used  8°  cutoff  for  passes  and  data  points 
and  zero  lor  the  orbit  bias.  The  agreement  in  dy  and  A.  was  similar  to  that  which 
was  described  above  for  table  4.  However,  there  appeared  to  be  a  better  agreement 
for  H  which  is  probably  due  to  a  closer  match  for  the  data  points  in  the  solutions 
where  the  differences  in  data  points  used  averaged  less  than  4  percent. 

Tables  6  and  7  compare  the  results  of  reducing  the  data  from  four  stations 
included  in  the  SSG  2.44  test  data  set.  The  Doppler  data  for  each  station  were 
separated  into  a  subdata  set  for  each  of  two  satellites  observed.  The  data  were 


200 


Jan  Kouba  and  Larry  Hothem 


■8  *£ 


■  —     > 


© 


b 

5 
S 

'1 

Ed 


v    c    h 
a  .2  Jj 

o    3    E 


^rtOi^ON'iflJ^tfl** 


SirOCMCM^^CMCMCNCNCMCMCM^CMCMCMCMCMCM^CMCMCMCMe^rOfOfO 


N    (N    N    (N    CM    N 


CMCMCMCMCM-^CMCM 


r-   r-   r- 


sss^sssssssssssssssnsssssn 


XCOt^rtfOM«McO(NO^COCMcOCMlN'-i^CM«CMOM^^T}' 


PQ      ,„      QQ      rK      OQ 


Bf^Srhfi^S^firh 


0§000020§0§0g0S0g0§0|0g 


o  o  o 


lOiOCMOCMCMCMQQC>C>u^^OOC©CO©O^^OOC>C>'0'<*,-OCM 

(NlN'tlNtOOO^^cOcocOtO^^tOfO'J'i'iO^MlNOOO'tWfO 


oOciooa^ooMiA^Tj'^Tj'Tj'r-r-oototocsNvOiON^^^'fv'o 

CM^(NCMCMCMNCMCMCM(NCMCMCMCMCMCMCMCMCMCMNWCMCN1CMCMC\ICM 


22SSSSS??SS88SS33SS33S:SSSa3?3 


'tt+'tt-0(Ot<3090000wa>aMNOOMCOMOOJiaCQCOiOlNcON 


S  ^  z 

■1  J  ~ 


>  fi  fc  » 

3  ^      C         I    _Q        I 

5tZO      .  c/)      i 


>^ 

o 

es 

_Q 

o 

0 

b 

3 

o 

2 

03 

c 
O 

3 

CJ 

c 
o 

3 

CO 
_Q 
O 

"S 

:3 

O 

!    c 

i     o 

CU 

-Q 

< 

c 

O 

> 
ry- 

■e 

03 

0) 

CO 

In 

OQ       ! 

CM    CM     ^     _ 

n   r-    §    O 

2  2  2  3 


DC 


3  3  5  Q  '2  a  a 

&Os  oc  £ 

<  <  o  <  -*  Z  Z 
DC  DC  OS  3C  OS  r  s 

<  <  3  U  W  £  fe 
H  H  OQ  3  Cu  S  S 

CJ  CJ  <  OQ  3  O  O 


O  PO  —>  O 

CM  CM  CO  C> 

O  O  ©  © 

iO  m  in  m 


CO  CO 

CM  CM 

Ov  Os 

u  u 

o  o 

Q  Q 

<  < 


V    Q 


as  a: 

sO  O 

Os  O 

QC  DC 

w  w 

z  z 

z  z 

o  o 

OQ  CD 


"S3     ! 


O      0 

c 


c     ° 
£  Q 


v    o 
"2  Q 


-3 

J 

ca 

'J 

_r 

a. 

03 

TJ 

V 

:  I 

u. 

c 

u 

s 

03 

^ 

/■ 

|_J 

"C 

_ 

- 

13 

01 

•J 

j 

Dm 

CO    — 


l-H  o    qc 


Zh22 
4  4  w  w 

C/5    C/2    On    On 


CO  CO 

c«  CM  is 

*i.  /^  rj 

X  X  c/) 


< 

DC 

lO    lO 
CM    CM 

av  os 


<  < 

X  X 

DC  CC 

<  < 


OJ 

CM 

ir 

C> 

O- 

— ■ 

— ■ 1 

OQ 

X 

UJ 

uj 

± 

UJ 
N 

2u 

z  z 


CC 
lO    i— i 

2  d 
^  z 


3   U 


X  rt  X  OS 


DC  p 
<  H 


iO    iO    lO    lO 


Compatibility  of  Canadian  and  U.S.  Doppler  Station  Network       201 

TABLE  4. — Border  stations  (Geoceiver  data) — Comparison  of  point -positioning  solutions  from  Geoceiver 
data — NGS  regular  vs.  compatible  options.1 

(NGS  solutions  followed  by  GS  solution  results). 


Latitude 


Longitude 


Height 


Station 
number 


N 
(sec) 


A 

(cm) 


E 

(sec) 


A 
(cm) 


(m) 


A 

(cm) 


Passes 
input/ 
used 


Observations 
input/used 


(cm)2 


51018 33.245 

.241 
51020 29.215 

.216 
51023 53.918 

.919 
51081 30.365 

.363 
51096 27.202 

.197 
51098 27.913 

.913 

51099 9.109 

9.109 
51100 15.179 

.175 
51101 13.790 

.787 
51102 22.754 

.745 
51135 48.657 

.659 
51136 33.930 

.928 
51142 14.846 

.851 
51143 12.807 

.802 

Mean 

&     


+  12 


+  15 


+  12 


+  27 


+  6 


15 


+  15 


35.465 

.437 
30.681 

.640 
48.692 

.658 
35.126 

.103 
3.390 

.368 

52.011 

1.999 

51.959 

.948 
54.258 

.242 
24.047 

.041 
56.579 

.554 
28.214 

.190 
32.422 

.406 
34.119 

.095 
55.945 

.934 


+  62 
+  90 
+  72 
+  49 
+  50 
+  24 
+  23 
+  32 
+  14 
+  56 
+  49 
+  24 
+  49 
+  23 


64.41 
4.17 

29.35 

30.00 
326.46 

27.14 

216.86 

6.79 

137.93 

7.84 

827.55 

26.70 
542.11 

40.89 
963.86 

63.23 
133.01 

32.39 
298.25 

97.87 

38.33 

38.03 
720.36 

19.97 

454.54 

3.91 

205.21 

4.69 


+  24 

-65 

-68 

+  7 

+  9 

+  85 

+  122 

+  63 

+  62 

+  38 

+  30 

+  39 

+  63 

+  52 


45/44 
45/44 
42/41 
41/41 
42/42 
42/41 
38/37 
39/36 
40/40 
42/41 
51/50 
51/50 
45/45 
45/44 
50/50 
50/50 
43/43 
43/42 
56/56 
56/54 
40/40 
40/39 
38/36 
38/36 
51/50 
51/50 
54/54 
54/52 


892/864 

1033/1007 

774/760 

881/873 

771/753 

871/845 

664/639 

738/707 

801/797 

909/902 

968/926 

1086/1045 

844/832 

922/906 

977/962 

1107/1094 

837/820 

930/909 

1122/1089 

1222/1178 

760/725 

861/830 

670/631 

768/722 

1026/994 

1157/1126 

1107/1068 

1215/1149 


+  5 
±  11 


+  44 
±22 


33 
52 


GS  solutions  approximate  NGS  options  with  the  exception  of  7.5°  cutoff  for  data  points. 


(T0  =  Standard  error  of  unit  weight  of  the  observation  residuals. 


then  processed  with  regular  NGS  Doppler  point-positioning  solutions  and  compared 
with  two  GS  GEODOP  solutions  that  approximated  the  normal  NGS  options.  The 
first  GEODOP  solution  used  the  standard  7th  order  ephemeris  fit  program  and  is 
compared  with  the  NGS  solution  in  table  6.  The  second  GEODOP  solution,  which 
used  an  improved  9th  order  Chebyshev  polynomial  ephemeris  fitting  routine  that 
closely  agrees  with  the  NGS  orbit  fitting  routine,  is  compared  with  the  NGS 
solutions  in  table  7. 

In  table  6,  it  is  noted  that  the  agreement  is  similar  to  that  which  was  found  in 
the  border  station  comparisons.  The  agreement  for  <j>  was  at  the  50-cm  level  and 
for  A  and  H  at  the  1-m  level.  Again  the  GEODOP  A.  was  systematically  west  of 
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Table  5. — Border  stations  (Geoceiver  data) — Comparison  of  point-positioning  solutions — NGS  solutions 

using  GS  options  vs.  GS  regular  solutions.1 

(NGS  solutions  followed  by  GS  solution  results). 


Latitude 


Longitude 


Height 


Station 
number 


N 
(sec) 


A 
(cm) 


E 

(sec) 


A 
(cm) 


(m) 


A 

(cm) 


Passes 

input/      Observations         a0 

used  input/used  (cm) 


51018 33.244 

.245 
51020 29.212 

.213 
51023 59.921 

.915 
51081 30.365 

.355 
51096 27.199 

.202 
51098 27.914 

.918 

51099 9.106 

9.107 
51100 15.178 

.178 
51101 13.796 

.785 
51102 22.7.54 

.751 
51135 48.656 

.655 
51136 36.930 

.931 
51142 14.847 

.8.54 
51143 12.809 

.808 

Mean 

&     


18 


+  30 


12 


33 


+  9 


36 


35.467 

.443 

30.684 

0.641 

4S.690 

.639 
35.127 

.091 
3.391 

.379 
52.017 

.005 
51.963 

.934 
54.256 

.228 
24.051 

.005 
55.577 

.589 
28.215 

.174 
32.423 

.408 
34.114 

.098 
55.942 

.933 


+  53 
+  94 
f  107 
+  77 
+  27 
+  24 
+  59 
+  57 
\-  105 
-27 
+  84 
+  23 
+  32 
+  18 


64.59 

65.00 

29.43 

29.88 
326.47 

26.95 

216.85 

7.21 

138.08 

38.50 
827.73 

27.31 

542.13 

1.50 

963.86 

63.57 
133.11 

33.37 

298.35 

8.72 

38.40 

38.70 
720.45 

20.36 
454.58 

54.73 
205.23 

06.10 


41 


45 


48 


36 


42 


42 


63 


29 


27 


37 


30 


15 


87 


44/44 
45/38 
41/41 
41/37 
43/43 
42/36 
38/38 
39/32 
41/41 
42/38 
46/46 
51/43 
45/45 
45/39 
50/50 
50/45 
43/43 
43/39 
56/56 
56/51 
39/39 
40/36 
36/36 
38/28 
50/50 
51/44 
54/54 
54/48 


984/977 

924/902 

860/846 

826/820 

860/827 

812/791 

735/707 

693/665 

901/888 

873/871 

970/949 

982/945 

928/917 

839/829 

1080/1062 

1036/1022 

922/8% 

903/901 

1240/1200 

1193/1147 

827/805 

794/761 

726/704 

663/622 

1122/1096 

1056/1043 

1223/1174 

1169/1123 


±  2 
:  17 


±52 
±39 


-  18 
±41 


1  NGS  solutions  approximate  GS  regular  options  with  the  exception  of  8°  cutoff  for  data  points  and 
passes,  and  orbit  bias  input  is  zero. 


DOPPLR  A,  indicating  the  effects  of  the  Earth  rotation  correction  which  has  been 
estimated  to  be  from  50  to  70  cm. 

In  table  7,  the  results  from  using  a  9th  order  rather  than  a  7th  order  ephemeris 
fit  in  the  GEODOP  solutions  improves  the  agreement  with  the  NGS  solutions 
considerably.  When  station  51186,  which  has  noisy  data  due  to  equipment 
malfunction,  is  disregarded  in  the  comparisons,  the  agreement  in  (f)  and  H  is  at  the 
15-cm  level.  For  \,  the  mean  difference  is  systematic  in  one  direction  at  about  70 
cm.  Once  the  Earth  rotation  correction  is  included  in  program  DOPPLR,  it 
appears  that  the  agreement  in  all  coordinates  will  be  within  20  cm.  The  remaining 
lack  of  agreement  is  due  to  differences  in  tropospheric  refraction  model,  scale  bias 
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Table  6. — SLOPE  stations  (Geoceiver  data) — Comparison  of  NGS  regular  point -positioning  solutions 

with  GS  compatible  options . ' 

(Difference  (A)  equals  NGS  minus  GS). 


Station  number 


A</> 
(cm) 


AA 
(cm) 


A 

(cm) 


Satellite  58  (  APL  No.  30120) 

51065 

51134 

51141 

51186 

Mean 

&     

Satellite  68  (APL  No.  30190) 

51065 

51134 

51141 

51186 

Mean 

(7       

Mean  (both  satellites)  __ 
a     


12 

+  30 

+  98 

51 

+  68 

+  107 

27 

+  49 

+  97 

27 

+  125 

+  90 

+  10 
±36 


98 

7 


39 

+  106 

+  38 

51 

+  H° 

+  34 

57 

+  1 

+  42 

27 

+  115 

+   6 

44 
13 


+  111 

±      4 


30 
16 


+  27 
±30 


+    90 
±    35 


64 
38 


1  GS   solutions  approximate   NGS   options.  ,The   standard   ephemeris  fit   of  7th  order  was  used. 
SLOPE  stations  are  1AG  SSG  2.44  Standard  Data'Set  No.  1. 


effect,  data  filtering,  adjustment  method  and  other  factors,  as  shown  in  tables  1 
and  2. 

Figure  2  illustrates  the  magnitude  and  direction  of  the  vector  differences  given 
in  tables  6  and  7.  Only  the  results  of  satellite  68  (APL  30190)  are  shown  on  this 
figure. 

The  comparison  to  evaluate  the  compatibility  of  the  Doppler  station  networks 
as  now  established  in  Canada  and  the  United  States  was  carried  out  by  reducing 
Geoceiver  and  Marconi  data  collected  at  11  of  the  14  border  stations.  The 
Geoceiver  data  were  reduced  with  the  regular  NGS  DOPPLR  point-positioning 
program  and  options.  The  Marconi  data  for  8  of  the  11  stations  were  reduced  with 
the  regular  GS  GEODOP  program  in  a  combined  network  adjustment  using  both 
broadcast  and  precise  ephemerides.  The  solutions  for  the  other  three  Marconi  data 
sets  were  from  point-positioning  reductions  performed  in  early  1975  with  an  older 
version  of  GEODOP  that  did  not  include  a  Earth  rotation  correction. 
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Table  7. — SLOPE  stations  (Geoceiver  data) — Comparisons  of  point-positioning  solutions — NGS  regular 

vs.  GS  stations  using  NGS  options.1 

(NGS  solutions  followed  by  GS  solution  results). 


Latitude 


Longitude 


Height 


Station  N  A 

number  (sec)        (cm) 

Satellite  58  (APL  No.  30120) 
51065 28.866 

.868       -    6 
51134 55.616 

.612       +  12 
51141 39.286 

.283       +    9 
51186 21.598 

.588       +  30 

Mean +  11 

&     ±  15 

Satellite  68  (APL  No.  30190) 
51065 28.865 

.865  0 

51134 55.610 

.612       -    6 
51141 39.300 

.296       +  12 
51186 21.617 

.612       +  15 


E 

A 

A 

Passes 
input/ 

Observations 

o-o 

(sec) 

(( 

•rr.) 

(m) 

(cm) 

used 

input/used 

(cm) 

47.839 

957.09 

92/92 

1819/1768 

23 

.826 

+ 

33 

57.05 

+    4 

91/87 

1725/1659 

21 

57.010 

31.11 

92/91 

1781/1734 

25 

6.982 

+ 

73 

31.07 

+    4 

94/94 

1836/1800 

24 

44.685 

65.20 

100/100 

2029/1994 

22 

.669 

+ 

41 

65.15 

+    5 

100/99 

1996/1963 

21 

45. 184 

-39.53 

96/95 

1811/1737 

28 

.135 

+ 

120 

-  39.75 

+  22 

97/94 

1800/1737 

28 

+    67 
±    39 


+    6 
±    9 


47.857 

958.79 

100/100 

2001/1949 

13 

0.829 

+ 

71 

58.93 

-  14 

96/94 

1882/1805 

12 

57.027 

32.40 

98/97 

1950/1908 

14 

.999 

+ 

73 

32.37 

+    3 

105/101 

2014/1985 

14 

44.700 

66.43 

95/95 

1945/1898 

11 

.670 

+ 

77 

66.36 

+    7 

105/105 

2133/2093 

11 

45.177 

-  38.61 

99/99 

2012/1929 

20 

.146 

+ 

76 

-38.48 

-  13 

102/96 

1993/1932 

20 

Mean 

&     

+    5 
±  10 

+    74 
±      3 

-    4 
±  11 

Mean 

&     

+    8 
±  12 

+    70 
±    26 

+    2 
±  11 

(Satellites  58  and  68) 

1  GS  solutions  approximate  NGS  options.  Also  used  a  9th  order  ephemeris  fit  rather  than  7th  order 
fit  used  in  the  regular  GS  GEODOP  program  solutions. 


The  results  of  the  network  and  instrumentation  comparisons  are  summarized 
in  table  8.  Again,  the  agreement  in  latitude  is  at  the  50-cm  level.  While  generally 
the  GEODOP  A  was  west  of  DOPPLR  A  by  about  60  cm,  there  were  two  extreme 
exceptions.  The  GEODOP  A  for  stations  51102  and  51143  was  east  of  DOPPLR  A 
by  182  and  103  cm,  respectively.  This  is  not  related  to  using  different  equipment, 
since  point-positioning  comparisons  reported  in  1976  for  these  data  sets  found  no 
sytematic  disagreement  in  comparing  all  stations  (Kouba  and  Boal  1976).  At  this 
time  the  reason  for  these  large  longitude  differences  has  not  been  determined. 

The  height  differences  in  table  8  appear  to  be  systematically  in  one  direction 
at  the  70-cm  level.  In  addition  to  the  effects  of  using  different  methods  of 
reduction,  the  lack  of  agreement  for  (/>,  A  and  H  may  also  be  due  to  the  program 
differences  mentioned  earlier.  The  systematic  differences  in  height  may  be  due,  to 
a  lesser  degree,  to  the  effects  of  some  minor  differences  in  the  instrumentation, 
such  as  location  of  antenna  phase  center  and  change  in  the  receiver  delay. 
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Table  8. — Border  Stations — Comparison  of  NGS  regular  point-positioning  solutions  (Geoceiver  data) 

with  GS  combined  network  solutions . 

(NGS  solutions  followed  by  GS  solution  results). 


station 

Latitude 

Longitude 

Height 

N 

A 

E 

A 

A 

number 

(sec) 

(cm) 

(sec) 

(cm) 

(m) 

(cm) 

Remarks 

51018 

._       33.245 

35.465 

64.41 

.254 

-27 

.486 

-    47 

6.63 

-231 

(') 

51096 

._       27.202 

3.390 

137.93 

.215 

-39 

.370 

+    45 

40.02 

-209 

(') 

51101 

._       13.790 
13.786 

+  12 

24.047 
.028 

+    44 

133.01 
4.84 

-  183 

0 

Mean    

-  18 

+     14 

-208 

a 

±27 

±    53 

±    24 

51098 

._       27.913 

52.011 

827.55 

.917 

-  12 

1.988 

+    47 

28.51 

-    96 

51099 

9.109 

51.959 

542.11 

.103 

+  18 

.932 

+    55 

2.44 

-    33 

(2) 

51100 

15.179 
.170 

+  27 

54.258 
.195 

+  128 

963.86 
64.84 

-    98 

(2» 

51102 

._       22.754 

56.579 

298.25 

.743 

+  33 

.660 

-  182 

98.97 

-    72 

f2) 

5il35 

._       48.657 

28.214 

38.33 

.663 

-  18 

.186 

+    58 

39.51 

-  118 

51136 

._       33.930 
.936 

-  18 

32.422 
.403 

+    29 

720.36 
21.25 

-    89 

51142 

._       14.846 
.843 

+    9 

34.119 
.088 

+    63 

454.54 
5.10 

-    56 

51143 

._       12.807 

55.945 

205.21 

.806 

+    3 

.996 

-  103 

05.85 

-    64 

(2) 

Mean    

+    5 

+    12 

-    78 

te- 

± 20 

±  102 

±    27 

1  GS  solutions  for  older  version  of  GEODOP  that  did  not  include  Earth  rotation  correction  and 
Doppler  data  collected  with  Marconi  722A  rather  than  722B. 

2  Station  is  eccentric  of  the  NGS  Doppler  stations.  The  GS  position  determinations  were  transferred 
to  the  NGS  stations. 


Summary  and  Conclusions 

With  approximately  the  same  data  and  options,  the  NGS  DOPPLR  and  GS 
GEODOP  point-positioning  solutions  appear  to  be  in  agreement  for  </>  and  A  within 
50  cm  and  for  H  within  1  m,  subject  to  removal  from  the  longitude  of  the  Earth 
rotation  correction.  The  large  differences  in  height  are  due  to  an  inadequate 
ephemeris  fit  for  GEODOP  and,  to  lesser  degree,  to  an  inaccurate  wavelength 
input  in  DOPPLR. 

After  implementation  of  improved  ephemeris  fitting  for  GEODOP,  the 
solutions  agreed  at  the  20-cm  level. 

The  compatibility  of  the  current  Doppler  network  established  by  GS  and  NGS 
indicated  agreement  for  (f>  and  H  at  the  50-  and  70-cm  level,  respectively.  For  A, 
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the  differences  were  generally  consistent  with  the  program  comparisons  at  the  70- 
cm  level  with  the  exception  of  a  couple  of  extreme  differences  that  were  greater 
than  1  m  and  opposite  in  direction.  It  is  believed  these  unusually  large  differences 
are  largely  due  to  reduction  methods  rather  than  instrumentation. 

Other  program  differences  that  may  contribute  to  a  lesser  degree,  in  lack  of 
solution  agreement,  are  filtering  tolerances,  data  editing  (pass  and  data  point 
elevation  cutoff),  method  of  adjustment,  and  timing  bias  adjustment. 

This  is  a  first  step  in  a  continuing  effort  of  NGS  and  GS  to  improve  the 
compatibility  and  accuracy  of  the  Doppler  network  in  preparation  for  the  1983 
redefinition  of  the  North  American  Datum.  As  a  part  of  this  effort,  consideration 
will  be  given  to  adopting  the  most  desirable  options  for  both  programs  in  order  to 
minimize  any  lack  of  agreement.  This  improvement  is  being  coordinated  with  other 
agencies  and  countries  that  are  establishing  Doppler  stations  in  support  of  the  1983 
NAD. 

Finally,  tests  are  being  made  to  compare  the  solutions  from  the  improved 
programs  with  other  standards  (VLB1,  lunar  laser,  transcontinental  traverse,  high 
precision  base  lines,  etc.)  before  any  extensive  reprocessing  of  Doppler  data  within 
the  NAD  area  is  performed. 
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Discussion 

Hittel:  Do  your  latest  results  agree  with  the  accuracy  of  your  former  results? 

Kouba:  Yes,  except  for  some  Satellite  12  observations.  Satellite  12  was  known  to  give  less  accurate 
results.  For  increased  accuracy,  it  had  to  be  downweighted  or  eliminated  from  the  set  of  observations. 
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Abstract:  The  paper  treats  the  combined  handling  of  geometrical  and 
other  terrestrial  data  together  with  results  obtained  from  satellite  tracking. 
This  combination  is  considered  as  an  alternative  to  present  stepwise 
calculation  of  geodetic  triangulations.  The  present  paper  is  part  three  of 
a  general  representation  on  alternative  treatment  of  geodetic  nets;  parts 
one  and  two  have  been  presented  at  the  lAG-symposia  at  Sopron  (Groten 
1977)  and  Zaria  in  April  1978,  respectively.  When  plumbline  deflections 
are  incorporated  in  a  unified  approach  the  link  between  horizontal  and 
vertical  data  is  established.  Consequently,  the  present  considerations  can 
be  applied  to  two-dimensional  nets,  too,  even  though  they  are  primarily 
considered  in  view  of  three-dimensional  nets. 


Introduction 

It  is  one  of  the  principal  aims  of  geodetic  adjustments  to  obtain  internally 
consistent  data  sets.  The  more  data  of  different  kind  are  incorporated  in  the 
adjustment  the  more  realistic  are  the  accuracy  estimates  which  are  finally  obtained 
from  the  adjustment.  In  the  present  conventional  approach  more  or  less  deficient 
gravity  anomaly  material  is  used  in  order  to  evaluate  azimuth  corrections  for 

^(astronomical  azimuth)  — >  ,4(Laplacian  azimuth) 

for  horizontal  angle  corrections  along  mountain  chains  (or  other  irregular  but 
nonrandomly  distributed  topographic  formations),  for  evaluation  of  (relative)  geoid 
heights  in  order  to  enable  us  to  transform  slant  ranges  measured  at  the  earth's 
surface  to  chord  lengths  on  the  ellipsoid,  compute  plumbline  deflections  for 
transformation  from  astronomical  coordinates  ((/),  A)  to  geodetic  ellipsoidal  coordi- 
nates (B  =  latitute,  L  =  longitude),  and  finally  to  establish  a  geodetic  datum  for 
the  initial  station  F  of  triangulation  as  defined  by 

(HF,  fFf  7)h)  (1) 
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where  the  ellipsoidal  height  HF  is  given  by  adding  the  geoid  undulation  N F  to  the 
orthometric  height /i,.,  i.e., 

H  =  N  +  h  (2) 

Even  though  random  errors  and  local  distortions  in  the  gravity  data  are,  to 
some  extent,  finally  eliminated  in  the  triangulation  adjustment,  it  seems  to  be  more 
appropriate  to  incorporate  the  gravity  data  together  with  the  other  data  in  the 
adjustment.  In  that  way  even  gaps  in  the  gravity  field  can  be  considered  as 
additional  unknowns  or  errors  made  in  the  interpolation  and  extrapolation 
processes.  This  is  necessary  when  the  conversion  of  discrete  point  anomalies  to 
mean  gravity  anomalies  are  taken  into  account.  Such  a  thorough  adjustment  where 
data  of  all  available  types  are  incorporated  implies,  of  course,  a  lot  of  computational 
difficulties;  their  detailed  treatment  is  beyond  the  scope  of  the  present  paper  and 
is  discussed  in  part  four,  which  has  not  yet  been  published.  In  the  present  part  the 
basic  idea  is  rather  outlined.  Wolf  (1977)  has  recently  discussed  a  thorough 
approach  where,  however,  only  satellite  and  terrestrial  triangulation  data  have 
been  combined.  Our  approach  could  also  be  considered  as  an  alternative  to 
collocation  procedures.  If  the  complete  set  of  covariance  matrices  is  taken  into 
account  it  may  even  be  shown  that  basic  similarities  exist.  Such  similarities  or 
even  (to  some  extent)  identities  depend,  however,  strongly  on  the  specific 
computational  methods.  From  the  same  viewpoint  the  identities  and  similarities 
between  collocation  and  conventional  integration  methods  should  be  considered; 
they  were  dealt  with  in  Moritz  (1975). 

The  aim  of  the  proposal  outlined  below  is  given  in  view  of  a  fuD  exploitation  of 
available  data  and  computational  facilities. 


General  Consideration  of  Data 

Let  us  suppose  that  orthometric  heights  are  available  from  levelling;  with  high- 
precision  nets  normal  heights  should  be  preferred,  and  in  that  case  geoid  heights  N 
are  to  be  replaced  by  height  anomalies  £  below.  But  this  is  of  little  interest  as  far 
as  the  principles  are  concerned.  In  general,  terrestrial  geometrical  data  (i.e., 
triangulation  material),  satellite  data,  and  Very  Long  Baseline  Interferometry  (  = 
VLBI)  results  might  be  available.  In  the  classical  approach  relative  deflections  of 
the  vertical  (£,  r\)  are  found  in  an  iteration  procedure  in  terms  of  astrogeodetic 
deflections.  They  can  be  replaced  to  some  extent  by  gravimetric  plumbline 
deflections  which  are  also  "relative"  if  the  truncated  form  of  Vening-Meinesz's 
integral  formula  is  used  in  their  evaluation.  A  combination  of  the  astrogeodetic 
with  the  gravimetric  approach  is  found  on  applying  the  astrogravimetric  principle. 
We  need  not  mention  in  detail  the  corresponding  corrections  which  are  necessary 
in  case  of  high-precision  gravity  work;  they  are  found  in  any  textbook  on 
Molodensky's  theory  of  physical  geodesy. 

The  link  between  horizontal  and  vertical  data  is  inherent  even  with  two- 
dimensional  nets  because 

f  =  0  -  B,  etc.  (3) 
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is  used  in  evaluating  N  =  H  —  h;  consequently  any  error  inherent  in  the  evaluation 
of  geodetic  coordinates  {B,  L)  enters  H  and  vice  versa.  For  full  exploitation  of  the 
available  data  a  three-dimensional  adjustment  is,  of  course,  superior,  at  least  in 
principle. 

With  the  advent  of  satellite  data  the  previous  situation  in  triangulation 
adjustment  has  been  drastically  changed.  One  aspect  is  a  consequence  of  the  fact 
that  Cartesian  coordinates  of  satellite  tracking  stations 

7(Pj)  =  (*j)  (4) 

referred  to  a  more  or  less  arbitrary  reference  frame  (depending  on  the  tracking 
method)  are  readily  converted  to  ellipsoidal  coordinates 

HBjt  Lh  Hj)  (5) 

by  well-known  methods.  The  arbitrariness  of  frames  of  references  implies 
additional  unknowns  (rotations,  translations,  scale  corrections,  etc.)  and  might  lead 
to  additional  considerations  which,  however,  do  not  affect  the  principles  to  be 
discussed  below. 

H j  as  given  in  equation  (5)  yields  Vj.  Take  a  second  point  P k  where  V k  is 
supposed  to  be  known.  Now 

AWJA.  =  2(FU-F,*)4?(  (6) 


where 


F^^RS^ 


Sf  =  area  of  ith  block, 
S(i//)  =  Stokes'  function, 

R  -  "mean"  radius  of  the  earth, 

i//y  =  spherical  separation  of  ith  block  from  point  {P  j), 
/W.  =  mean  gravity  anomaly  at  ith  block. 


A/V,,  =  °-^  -  ^  +  c K /,  rw  eh  (8) 


where  6  is  the  projection  of  the  total  deflection  0  of  the  vertical  given  by 

0\  =  fl  +  ijf  (9) 


Moreover, 
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on  the  azimuth  from  P}  to  Pk.  Therefore  0  is  obtained  from 


feH^ 


+  c  (f,  .  .  .)j  (10) 


with 


^-^'^{ST^- 


here 


/  =  flattening, 


a  =  azimuth,         5'  =  distance  {PjPk) 
S'(\jj)  =  Vening-Meinesz-function, 
ae  —  equatorial  radius, 

r0  =  geocentric  location  of  center  of  reference  ellipsoid, 
€    =  set  of  three  rotations  of  reference  frame. 

Equations  (6)  to  (11)  are  considered  as  approximations  to  Stokes'  and  Vening- 
Meinesz  integral  formulas  and  corresponding  difference  formulas,  respectively. 
With  local  Cartesian  coordinates  the  application  of  those  formulas  is  straightfor- 
ward. With  relative  location  of  the  triangulation  r*0  f=  0  is  found;  e  can  in  most 
cases  be  neglected;  c  and  c'  are  symbols  for  corrections  which  arise  if  the 
reference  ellipsoids  used  with  different  data  sets  differ  from  each  other.  Those 
corrections  disappear  if  one  and  the  same  ellipsoid  having  the  same  location  of 
origin  and  the  same  orientation  is  used. 


Application  of  Data 

The  application  of  formulas  (6)  and  (7)  is  most  valuable  in  extended  nets  where 
significant  variations  in  N  prevail.  Equations  (8)  and  (11)  are  sensitive  to  variations 
of  plumbline  deflections  and,  consequently,  to  those  of  geoid  heights,  too.  The 
applications  of  (8)  to  (11)  are,  therefore,  useful  with  neighboring  stations  as  well  as 
over  larger  distances.  When  unknown  Ag,  are  incorporated  in  the  evaluation,  the 
impact  of  the  numerical  behavior  of 


*« -'¥'♦&// 


yN(P)         y      f  [  (N-N(P))ds 
(2  sin  (i///2));i 


is  immediately  evident  because  equation  (12)  solves  the  problem  which  is  inverse 
to  the  Stokesian  problem;  the  formula  (12)  has  been  investigated  in  detail  in 
(Groten  1976);  y  =  normal  gravity,  ds  =  infinitesimal  surface  element  correspond- 
ing to  ah  block  in  the  approximation  formulas;  Ag  is  a  point  value. 

The  numerical  behavior  of  (12)  is  one  of  the  limitations  which  are  imposed  on 
the  useful  combination  of  the  before-mentioned  formulas. 
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It  depends  on  the  reliability  and  the  distribution  of  data  as  well  as  on  the 
desired  accuracy  whether  the  above  formulas  are  expressed  in  terms  of  constraints 
or  observation  equations.  Thus,  finally 

Ag->N;         (*')-*#  (13) 

A* ->(£■»,)-*(£  !,).*,.-> /V.  W 

The  latter  symbolic  relation  includes  the  principle  of  astrogravimetric  levelling. 
These  two  relations  are  best  exploited  in  the  three-dimensional  adjustment  as 
outlined  in  (Groten  1977). 

The  Datum  Problem  in  the  Future 

In  contrast  to  the  previous  treatment  of  the  datum  problem  the  modern 
conceit  is  based  on  the  superiority  of  satellite  and  VLBI  results  as  far  as  reference 
and  scale  are  concerned.  This  implies  that  instead  of  the  classical  approach 
characterized  by 


(15) 


now 


k 

a 

B 

-> 

V 

Laplace  condition 

L 

polar  motion  correction 

A 
H 

r(x() 

-* 

V 

N 

Laplace  condition 

k 

r(B,L,H) 

polar  motion  correction 

h 

a 

(16) 


where  A.  is  a  priori  arbitrary  if  r{x{)  is  supposed  to  be  found  from  range  or  range- 
rate  data.   By  connecting  a   station  of  the   satellite  net  to  the  BIH -Greenwich 
meridian  system  k  is  replaced  by  A..  Thus  ((/>,  A,  a,  h)  is  available  for  classical 
geodetic  work  as  well  as  for  hopefully  precise  inertial  geodesy.  Then 
</>  B 

polar  motion  correction  (17) 

h     — >    H 

a  A 

i.e.,  inertial  geodesy  refers  to  the  instantaneous  rotation  axis  and,  therefore,  has  to 
be  converted  to  geodetic  quantities  (B,  L,  H,  A)  using  the  polar  motion  correction. 
With  present  accuracy  of  inertial  geodesy  such  considerations  are,  of  course, 
premature. 

The  role  of  physical  geodesy  will  thus  be  reversed  in  the  future,  i.e., 
previously  (f ,  17)  was  necessary  to  convert  astronomical  to  geodetic  coordinates; 
with  modern  concept  it  will  be  primarily  used  for  doing  the  inverse  transformation. 
Classical  astronomical  geodesy  will  yield  the  connection  with  the  zero  meridian. 
The  same  job  can,  of  course,  be  done  by  modern  astronomical  methods  which 
yield  UT  (=  Universal  Time).  It  should  be  noticed  that  k  —  0  has  no  direct  relation 
to  the  plumbline  deflection  at  Greenwich;  the  k  —  0  reference  point  is  situated  on 


214  Erwin  Groten 

the  Equator  (Melchior  1974).  This  implies  that  the  deflection  of  the  vertical  plays 
no  direct  role  in  the  transformation  X  — >  A;  this  transformation  cannot  be  done  in 
terms  of  geodetic  coordinates  alone  because  the  astronomical  zenith  is  involved; 
UT\  and  longitude  are  corresponding  quantities.  Astronomical  methods  yielding 
UT  are  therefore  necessary  in  order  to  convert  "blind"  (Newton  1974)  satellite 
reference  frames  (like  those  of  range-rate  data)  to  a  unified  global  system  which  is 
feasible  on  the  whole  globe. 


Conclusions 

Even  though  collocation  methods  may  be  considered  in  terms  of  approximation 
theory  without  making  reference  to  statistical  approaches  the  evaluation  of  specific 
auto-  and  cross-correlation  functions  is  the  crucial  point  in  practical  applications. 
The  transition  from  the  real  data  set  to  an  appropriate  approximation  model  which 
can  be  handled  numerically  involves  tremendous  efforts,  and  we  need  to  rely  often 
on  insufficient  approximations.  Approaches  as  those  by  Schaffrin  et  al.  (1977)  or 
Grafarend  et  al.  (1977)  might  imply  simplifications  in  that  respect  because  the 
resulting  data  sets  might  be  easier  to  handle.  Nevertheless,  the  rigorous  application 
of  collocation  procedures  throughout  the  triangulation  computation  is  complicated 
even  with  large  computers  and  better  data  sets  than  those  which  are  available  on 
the  Northern  Hemisphere,  i.e.,  in  the  United  States,  western  Europe,  etc. 

Hypotheses  entering  the  transition  from  the  real  data  sets  to  the  mathematical 
models  are  less  crucial  with  the  approach  described  above.  The  computational 
difficulties  in  the  present  approach  depend  strongly  on  the  specific  data  distribution 
in  the  area  under  consideration.  The  full  exploitation  of  the  present  method  may, 
in  some  areas  where  strong  irregularities  prevail,  be  associated  with  insurmounta- 
ble difficulties;  then  we  need  to  rely  upon  approximations.  However,  we  will  obtain 
in  the  general  case  results  which  are  consistent  with  geometrical  terrestrial, 
satellite  data,  and  gravity  field  information  including  predicted  data  sets. 
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Discussion 

Tscherning:  Stokes'  and  Vening-Meinesz  approaches  are  no  longer  useful  in  geodesy.  Everything 
should  be  done  with  approximation  methods  like  collocation. 

Groten:  I  am  not  convinced.  Certainly  the  two  techniques  should  be  retained  if  collocation  does  not 
answer  all  problems. 

Ashkenazi:  Does  the  unified  approach  you  advocate  give  significantly  improved  results  compared  to 
existing  approaches? 

Groten:  I  cannot  offer  the  numerical  results  which  are  being  compared  now,  but  in  my  opinion  the 
unified  approach  will  be  a  future  necessity  when  the  accuracy  of  geodetic  networks  increases  beyond 
the  present. 

Poder:  I  like  the  approach  and  would  like  to  eliminate  the  ellipsoid. 

Groten:  When  time  is  considered,  the  structure  without  a  reference  ellipsoid  would  cause  a  problem. 
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Abstract:  The  First  Order  geodetic  triangulation  network  of  India  takes 
the  form  of  a  "grid-iron,"  or  a  system  of  north-south  and  east-west  series 
intersecting  each  other  roughly  at  right  angles. 

The  country  has  now  embarked  on  a  modest  plan  to  check  and 
strengthen  this  network  through  the  establishment  of  a  number  of  well 
distributed  Doppler  Satellite  Control  points,  and  a  few  high  precision 
geodimeter  traverses  across  the  country. 

The  data  acquired  would  also  yield  information  about  the  transfor- 
mation parameters  between  the  satellite  coordinate  system  and  the  Indian 
datum  on  which  the  network  is  currently  computed. 

It  is  further  proposed  to  use  the  satellite  derived  ground  positional 
data  to  evaluate  the  zero  order  undulation  (7V0)  by  comparing  the  satellite 
derived  undulations  with  those  derived  from  a  combination  of  the 
potential  coefficients  and  1°  x  1°  mean  gravity  anomalies  over  continental 
India,  which  are  being  currently  computed  from  surface  data. 

These  proposals  are  outlined,  and  the  preliminary  estimates  of  the 
transformation  parameters  obtained  with  the  present  scanty  dataset  have 
been  indicated. 


Introduction 

The  geodetic  triangulation  of  India  is  computed  on  Everest  ellipsoid  with  the 
adopted  constants 

semi  major  axis  a  =  20922931  •  80  ft. 
and  semi  minor  axis  b  =  20853374  •  58  ft. 

which  implies  a  flattening  /  =  1/300  •  80.  The  origin  of  the  Indian  datum  is 
located  at  Kalianpur  H.S.  near  the  centre  of  the  subcontinent  at  the  intersection  of 
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the  two  very  important  primary  series,  viz.  the  great  Meridional  Arc  series  and  the 
series  connecting  Calcutta  and  Karachi. 

The  geodetic  triangulation  net  was  first  adjusted  to  form  a  self-consistent 
whole  in  about  1880.  A  readjustment  was  carried  out  in  1939  to  obtain  the  most 
probable  positions  for  all  stations  of  the  triangulation  by  dispersal  of  circuit  closing 
errors  using  the  additional  bases  and  Laplace  stations  observed.  With  this 
readjustment  the  length  and  breadth  of  the  country  has  been  measured  with 
probable  errors  of  about  1/500,000  (Bomford  1938). 

The  procedures  used  in  these  adjustments  have  been  described  by  Bomford 
(1971).  The  geodetic  triangulation  network  in  this  present  form  was  considered 
adequate  for  1"  =  1  mile  scale  mapping  for  which  it  was  originally  designed. 

However,  a  need  for  an  early  readjustment  of  the  whole  network  is  now  felt 
from  the  following  considerations: 

(a)  The  primary  scale  for  mapping  of  the  country  has  been  changed  from  1"  = 
1  mile  to  1/50,000.  We  are  also  mapping  on  1/25,000  scale  for  selected  areas. 

{b)  The  multipurpose  development  projects  over  large  parts  of  the  country  are 
requiring  even  larger  scale  maps  demanding  a  higher  order  and  denser  geodetic 
control. 

(c)  With  the  advancement  of  technology  and  estimation  procedures,  the 
availability  of  digital  computers,  electromagnetic  distance  measuring  instrumenta- 
tion, and  observational  data  from  satellites,  it  is  now  economically  feasible  to 
embark  on  such  a  project. 

We  shall  also  have  to  consider  the  adoption  of  a  better  fitting  ellipsoid.  As  a 
first  step  India  is  embarking  on  a  modest  scale  on  a  scheme  of  Doppler  Satellite 
control  which  would  not  only  give  us  a  check  on  the  internal  consistency  of  the 
network  but  also  help  in  strengthening  the  control. 

Immediate  Plans  for  Upgrading  the  Network 

The  following  major  steps  are  being  taken  up  immediately  to  acquire  the 
additional  observational  data  for  help  in  upgrading  the  network: 

(1)  Re-observation  of  series  wherever  weak. 

(2)  Observation   of  more   bases   using   electromagnetic   distance   measuring 

instruments. 

(3)  Observation  of  more  Laplace  stations. 

(4)  Providing  of  high  precision  geodimeter  traverses  in  selected  areas. 

(5)  Providing  a  network  of  control  points  from  integrated   Doppler  Satellite 

observations  to  the  Navy  Navigation  Satellite  System  (NNSS)  Satellites. 

This  paper  indicates  the  use  it  is  proposed  to  make  of  these  Doppler 
observations. 

Proposed  Doppler  Satellite  Control  Network 

The  proposed  distribution  of  control  points  to  be  observed  with  the  help  of  the 
Doppler  receiver  sets  is  indicated  in  figure  1.  This  proposal  is  only  provisional  and 
is  likely  to  be  modified  with  the  gain  in  experience  in  this  field.  As  seen  in  figure 
1  the  sides  of  the  geometrical  figures  have  in  general  a  range  of  about  800  kms.  At 
present  we  have  access  only  to  the  broadcast  ephemeris  which  can  be  acquired 
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FIGURE  1. — Proposed  integrated  Doppler  satellite  translocation  network. 


through  the  satellite  transmissions  and  accordingly  it  is  proposed  to  have  a  network 
of  translocated  vectors.  With  experience  it  may  be  possible  to  have  fewer 
geometrical  figures  than  those  indicated  in  figure  1  by  use  of  translocation  vectors 
up  to  1600  kms.  Currently  there  are  two  JMR-1  Doppler  receivers  in  India  which 
are  in  use  for  geodetic  purposes,  one  with  the  Survey  of  India  (SOI)  and  the  other 
with  the  Indian  Space  Research  Organisation  (ISRO).  A  few  more  receivers  are 
due  to  be  procured  shortly. 

The  network  of  translocated  vectors  will  provide  an  independent  check  on  the 
internal  consistency  of  the  existing  network.  The  positioning  information  will  also 
subsequently  help  us  while  carrying  out  the  overall  readjustment  of  the  network 
with  the  help  of  the  additional  data  of  high  precision  traverses,  bases  and  the 
astronomical  data  being  acquired. 

A  further  application  of  the  Doppler  satellite  control  would  be  to  compare  the 
undulations  derivable  from  the  3-dimensional  station  positions  fixed  from  Doppler 
observations  with  undulations  that  can  be  obtained  from  the  potential  coefficients 
and  the  1°  x  1°  mean  gravity  anomalies  from  surface  data.  These  comparisons 
would  help  us  obtain  the  zero  order  undulation  as  per  procedures  indicated  in 
Rapp  and  Rummel  (1976).  1°  x  1°  mean  gravity  anomalies  are  being  computed 
from  point  anomaly  data.  These  computations  will  be  based  on  the  International 
Gravity  Standardisation  Net  1971  (IGSN  1971)  and  the  Geodetic  Reference  System 
1967  (GRS  1967). 

With  the  scanty  dataset  so  far  acquired  an  immediate  application  has  been  the 
possibility  of  finding  preliminary  estimates  of  the  transformation   parameters 
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between  the  Indian  datum  and  the  Satellite  system  which  is  believed  to  be  the 
U.S.  Department  of  Defence  World  Geodetic  System  1972  (WGS  1972).  An  initial 
effort  in  this  direction  has  been  described  in  the  subsequent  paragraphs. 


Progress  in  the  Determination  of  Transformation  Parameters 

ISRO  and  the  SOI  have  so  far  carried  out  point  positioning  experiments  at 
seven  stations  namely  Kalianpur,  east  end  of  Dehra  Dun  base,  Abu,  Naini  Tal. 
Hyderabad,  Kavalur,  and  Mehsana.  Except  for  Abu  and  Mehsana  the  other 
stations  lie  nearly  along  the  same  longitude. 

The  observations  were  jointly  made  by  a  team  of  observers  from  ISRO  and 
SOI  at  3  stations.  Observations  at  the  other  4  stations  were  carried  out  by  the 
ISRO  teams.  The  positions  of  these  stations  coincide  with  the  geodetic  triangula- 
tion  stations  on  the  Arc  of  the  geodetic  series  so  that  comparisons  could  be  made 
between  the  satellite  derived  coordinates  and  the  geodetic  coordinates  on  the 
Indian  datum. 

The  reduction  of  the  Doppler  data  was  done  in  a  point  positioning  mode  with 
the  use  of  a  modified  version  of  SP-3  programme  of  JMR  (by  ISRO)  and  the 
Canadian  DOPSAT  programme  (by  SOI).  The  Canadian  GEODOP  Program  since 
received  by  courtesy  of  the  Geodetic  Survey  of  Canada  is  being  currently  adopted 
for  our  use. 

Because  of  the  location  of  the  stations  on  the  same  meridional  series  passing 
through  the  origin  it  was  reasonably  assumed  that  the  3-dimensional  coordinates  of 
these  7  stations  in  the  geodetic  system  form  a  consistent  set,  thus  permitting  a 
similarity  transformation. 

Keeping  in  view  the  conditions  imposed  at  the  initial  points  of  the  Indian 
datum,  it  was  assumed  appropriate  to  consider  a  7  parameter  transformation 
between  the  geodetic  system  and  the  satellite  system  in  accordance  with  the 
following  mathematical  model: 
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where  i  is  the  station  index. 


U,  V ,  W  denote  the  rectangular  coordinates  of  the  station  in  the  geodetic 
system   which   were   computed   from   the   geodetic   latitude  (</>), 
longitude  (A.)  and  height  (h)  above  the  ellipsoid.  To  arrive  at  the 
height  above  the  ellipsoid,  information  about  the  height  above 
mean  sea  level  and  the  astrogeodetic  undulation  was  used. 
X,  Y,  Z   denote  the  3-dimensional  coordinates  of  the  station  derived  from 
Doppler  s      nite  observations. 
AU ,  AK,  AW  denote  the  nanslation  prarmeiers. 
co,  »//,  e   are  the  rotation  parameters. 
AL    is  the  scale  parameter. 
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0X,  Oy,  0Z  are  the  differences  between  the  coordinates  in  the  two  systems 
which  were  treated  as  the  observables, 
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The  adjustment  was  carried  out  by  the  method  of  observation  equations. 

The  variance-covariance  matrix  of  the  observables  was  obtained  from  the 
variance-covariance  matrices  of  the  coordinates  in  the  two  systems  by  propagation 
through  a  linear  model. 

Thus  for_each  station  i,  the  3x3  variance-covariance  matrix  of  the  vector  of 
observations  Oi  was  obtained  from 
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a2,  <t2,  cr2   denote  the  a  priori  variances  of  the  geodetic  longitude,  latitude,  and 

k     4>    h    height  of  of  the  station  obtained  on  the  basis  of  the  location  of  the 

station  with  respect  to  the  initial  point  and  the  the  guidelines  for 

probable  error  given  in  Bomford  (1971)  and  Bomford  (1939). 

J  is  the  3x3  Jacobian  matrix.  The  expression  for  J -1  can  be  seen  in 

Soler(1976). 


The  variance-covariance  matrix  for  the  observations  at  the  7  stations  took  the 
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The  weight  matrix  P  was  taken  as  the  inverse  of  SO  with  a  priori  variance  of 
unit  weight  as  unity. 

The  results  of  the  solutions  along  with  the  a  posteriori  variance  of  unit  weight 
&l  are  given  in  table  1. 

After  solving  for  7  parameters,  Student  "t"  test  was  carried  out  at  a  =  05. 
This  indicated  that  the  estimates  for  the  scale  and  orientation  parameters  are  not 
significantly  different  from  zero. 

This  motivated  us  to  obtain  solutions  for  4  as  well  as  3  parameter  models. 
These  adjustments  were  also  carried  out  and  the  results  are  indicated  in  table  1. 

Concluding  Remarks 

With  the  few  observations  so  far  acquired  the  determination  of  the  transfor- 
mation parameters  cannot  be  considered  as  reliable.  The  results  of  the  scale 
parameter  are  somewhat  intriguing.  But  an  indication  is  now  available  regarding 
the  magnitude  of  the  translation  parameters.  It  is  hoped  that  a  better  determination 
will  be  possible  with  more  and  well  distributed  observations  which  are  now  in 
hand.  An  indication  is  also  given  in  the  above  paper  about  the  programme  of 
strengthening  of  the  geodetic  network  in  India  in  general  and  the  application  of 
Doppler  satellite  control  in  particular. 
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Abstract:  The  basic  operations  to  be  performed  on  the  data  stored  in  a 
geodetic  data  base  by  a  data  base  management  system  are  described  and 
exemplified. 

Different  types  of  data  organizations  are  used  or  have  been  proposed 
such  as  index-sequential  and  multi-index  file  organizations  for  horizontal 
geodetic  positions  and  observations.  Preliminary  recommendations  con- 
cerning the  use  of  the  different  data  organization  types  are  given  based 
on  a  discussion  of  the  impact  of  the  data  organization  on  the  effectiveness 
of  the  data  base  management  system. 

1.    Introduction 

One  of  the  main  reasons  for  the  establishment  of  the  IAG  SSG  4.38  Working 
Group  "Application  of  Computers  for  the  Handling  of  Geodetic  Data"  was  the 
upcoming  readjustment  of  the  North  American  Geodetic  Networks.  It  was  obvious 
that  this  readjustment,  besides  new  requirements  for  observational  data  and 
improved  numerical  techniques,  posed  a  very  difficult  problem  of  efficient  and  fast 
data  handling. 

Existing  commercial  data  base  management  systems  had  been  analyzed  by 
U.S.  National  Geodetic  Survey  (NGS),  but  no  one  seemed  to  fulfill  the  requirements 
(Alger  and  Gurley  1975:  3).  So,  a  whole  new  design  of  a  data  base  and  a  data  base 
management  system  was  initiated  (Schwarz  1975,  Schwarz  and  Fury  1977). 

In  a  first  working  group  report  (Tscherning  1977),  the  content  of  a  geodetic 
data  base  was  discussed.  Following  Lindgreen  (1974),  the  content  was  viewed  as 
data  representing  sets  of  information  elements,  i.e.,  triples  consisting  of  an  entity, 
a  property,  and  a  value.  In  this  report  we  will  discuss  different  types  of  data 
organizations  which  are  used  or  have  been  proposed  for  geodetic  data.  However, 
we  will  first  define  more  abstractly  operations  on  information  sets  in  order  to 
clarify  the  operations  which  a  data  base  management  system  must  be  able  to  carry 
out.  The  effectiveness  and  speed  of  these  operations  will  depend  on  the  chosen 
data  organization.  Based  on  a  discussion  of  this  dependency,  preliminary  recom- 
mendations concerning  the  use  of  different  types  of  data  organizations  are  given. 


*  Interim   report   of    International   Association   of   Geodesy,   Special   Study  Group  4.38,    Working 
Group,  "Applications  of  Computers  for  the  Handling  of  Geodetic  Data." 
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TABLE  1. — Example  of  a  homogeneous  information  set. 


Station 
number 

A 

Source                 „ 

.                      Datum 
code 

624                  56°  34'  12743 

12°  44'  12703 

1970  110-21            ED50 

Isonymous              ^                   56°  01'  15'.' 10 
set 

10°  00'  32758 

19700110-21            ED50 

302  A              55°  32'  20" 
302  B               55°32'21'.'08 

9°  34'  41" 
9°  34'  41703 

192507304)0            ED50 
19700110-21            ED50 

Isotypic 
set 

2.    Basic  Operations  on  Information  Sets 

Recall  that  a  set  of  information  elements  related  to  the  same  entity  form  an 
isonymous  (information)  set.  Sets  with  the  same  property  component  are  called 
isotypic  (information)  sets.  A  homogeneous  information  set  consists  of  isonymous 
sets  with  the  same  property  component  or  equivalently  of  isotypic  sets  referring  to 
the  same  sets  of  entities.  This  corresponds  to  viewing  data  given  in  a  tabular  form 
either  as  a  collection  of  rows  or  a  collection  of  columns,  cf.  table  1. 

Sets  of  information  elements  may  be  dealt  with  in  the  same  manner  as  done  in 
elementary  mathematical  set  theory.  We  may,  for  example,  count  the  elements, 
form  unions,  intersections,  or  differences. 

Seven  basic  operations  may  be  defined  on  homogeneous  information  sets. 
(The  set  of  all  information  elements  is  also  such  a  set.)  These  operations  are 
independent  and  can  be  used  for  constructing  more  complex  operations.  The 
operations  are: 

Inclusion,  operates  on  two  sets  with  different  entities,  but  with  the  same 
properties.  The  result  is  a  new  set  with  the  same  properties,  and  entities  equal  to 
the  union  of  the  two  original  entity  sets.  Example:  two  new  sets  of  coordinates  are 
added  to  table  1. 

Extraction,  operates  on  one  set  and  isolates  one  or  more  isonymous  sets.  The 
result  is  a  new  set  with  the  same  properties,  but  with  only  a  subset  of  the  original 
entities.  Example:  the  two  last  rows  are  extracted  from  the  table. 

Conglomeration,  operates  on  two  sets  with  different  properties,  but  with  the 
same  entities.  The  result  is  a  new  set  with  the  same  entities,  but  with  properties 
equal  to  the  union  of  the  two  original  property  sets.  Example:  two  new  columns 
containing  the  standard  deviations  of  the  coordinates  are  added. 

Separation,  operates  on  one  set  and  isolates  one  or  more  isotypic  sets.  The 
result  is  an  isotypic  set  with  same  entities,  but  having  only  a  subset  of  the  original 
properties.  Example:  the  list  of  station  numbers  is  separated. 

Derivation,  operates  on  the  values  of  one  or  more  properties.  The  result  is  an 
isotypic  set  of  elements  for  which  the  entities  have  values  fulfilling  some  specified 
condition(s).  Example:  a  list  of  station  numbers  for  stations  with  latitude  >  56°. 

Detection,  operates  on  the  values  of  one  or  more  properties.  The  result  is  the 
set  of  entities  for  which  the  values  fulfill  some  specified  condition(s).  Example:  a 
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list  of  the  numbers  of  the  rows  in  the  table  which  contain  stations  with  latitude 
>56°. 

Exposition,  operates  on  an  isotypic  set,  and  the  result  is  the  set  of  values  from 
all  the  single  elements.  Example:  the  two  source  codes  occurring  in  table  1. 

The  process  of  selection,  which  is  basic  to  all  information  retrieval  systems 
may  be  defined  as  consisting  first  of  all  of  a  detection  of  the  set  of  entities  which 
fulfill  certain  conditions,  followed  by  an  extraction  of  the  corresponding  isonymous 
sets,  on  which  finally  a  separation  takes  place. 

From  the  above  very  simple  examples,  it  is  obvious  that  any  data  base 
management  system  for  a  geodetic  data  base  must  be  able  to  carry  out  these 
operations.  However,  the  ability  to  carry  out  these  operations  and  the  speed  of  the 
operations  will  depend  on  the  data  organization  used.  We  must  also  note  that  a 
geodetic  data  base  generally  will  contain  not  only  one,  but  many  homogeneous 
information  sets.  On  the  other  hand,  it  is  also  clear  that  the  fewer  different  sets, 
the  better. 

3.    Applications  of  the  Geodetic  Data  Base 

In  any  application  of  computers,  the  purpose  of  the  effort  must  be  spelled  out 
in  detail.  Only  then  can  one  identify  and  judge  the  relevance  of  the  data  elements 
contained  in  the  files,  the  processes  required  to  manipulate  the  data,  and  the  file 
structures  which  will  enable  the  processes  to  be  effective  (Wiederhold  1977:  23).  In 
section  2  we  saw  that  the  basic  data  management  processes  were  relevant  for 
geodetic  data:  however,  to  evaluate  different  file  structures,  we  must  be  more 
explicit.  Currently,  the  main  purpose  seems  to  be  the  use  of  the  data  base  for  data 
storage  and  retrieval  (Buck  and  Tanner  1972:  Chin  1977;  Dotson  and  Reinholtz 
1975;  McConnel  1977;  Spencer  1977). 

Some  typical  applications  are  the  following:  (1)  Select  preliminary  geodetic 
coordinates  for  an  adjustment,  given  list  of  station  numbers.  (2)  Select  all 
observations  which  will  be  used  in  an  adjustment  of  a  geodetic  network  (horizontal, 
vertical,  gravity,  altimeter).  (3)  Select  datum  parameters  to  be  used  in  an 
adjustment  or  gravity  field  approximation.  (4)  Create  list  of  station  numbers  based 
on  a  description  of  area  and  kind  (order)  of  stations  participating  in  an  adjustment. 

(5)  Select  gravity  observations  spaced  as  uniformly  as  possible  within  a  given  area. 

(6)  Extract  description  and  coordinates  for  a  trigonometric  station.  (7)  Add  10'  to 
scale  reading,  second  round,  from  stations  621  to  630,  carried  out  1963.01.10  at 
10:30  a.m.  (8)  Include  (a  new)  station  701  in  the  station  file,  with  its  preliminary 
coordinates.  (9)  Find  all  observations  where  instrument  No.  381  has  been  used  in  a 
specified  time  period. 

We  will  less  often  see  applications  like  (9)  but  this  application  may  very  well 
be  useful  when  analyzing  the  performance  of  instruments  (or  observers). 

It  is  obvious  that  not  all  these  applications  need  to  be  carried  out  with  the 
same  speed.  It  should  naturally  be  possible  to  obtain  information  about  a  single 
station  very  fast,  whereas  selections  like  (5),  above,  generally  do  not  need  to  be 
executed  very  fast.  On  the  other  hand,  if  a  big  file  will  have  to  be  searched  first, 
before  the  data  within  the  given  area  are  found,  then  the  whole  process  may  put  a 
heavy  load  on  the  computer  supporting  the  data  base. 

This  problem  is  very  typical  for  the  most  frequent  applications,  and  the 
solution  is  simply  to  organize  data  according  to  some  geographical  division  of  an 
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area  (5°  by  5°  equal  area  blocks  (Chin  1977)),  quadrants  and  8°  latitude  bands 
(Dotson  and  Reinholtz  (1975)),  30'  to  lll2  blocks  (QID)  (Alger  and  Gurley  1975). 
(By  creating  this  geographical  division,  a  new  set  of  entities  has  been  constructed. 
The  properties  of  these  entities  will  be  their  boundaries  and  e.g.,  the  identification 
numbers  of  the  trigonometric  stations  within  the  area.) 

4.    Data  Organizations  Suitable  for  Geodetic  Data 

In  the  following  we  will  assume  that  the  reader  is  familiar  with  basic  terms 
like  file,  record,  and  index.  Typically  geodetic  data  will  be  stored  in  different  files 
containing,  e.g.,  horizontal  positions,  "horizontal"  observations,  vertical  positions, 
"vertical"  observations,  astronomical  positions,  and  gravity  values.  Several  of  these 
files  contain  related  data  elements,  e.g.,  quantities  all  related  to  the  same  station. 
One  method  of  representing  these  interrelations  may  naturally  be  to  have  only  one 
file,  where  each  record  then  contains  all  information  about  one  entity,  e.g.,  a 
trigonometric  station.  This  seems  to  have  been  the  idea  behind  the  NGS  data  base 
design  (Schwarz  1975),  where  horizontal  positions,  observations,  and  station 
descriptions  are  collected  in  one  file.  At  the  Danish  Geodetic  Institute  these  data 
are  kept  in  three  separate  files. 

The  advantage  of  keeping  related  data  together  is  naturally  that  updates  and 
selection  processes  are  more  easily  executed.  The  update  of  the  positions  related 
to  a  gravity  station  is  today  nearly  impossible  because  the  geodetic  position  files 
and  the  gravity  files  are  not  related  through  station  identification  numbers  in  most 
geodetic  data  bases.  On  the  other  hand,  several  applications  will  only  require 
access  to  the  horizontal  positions,  but  the  station  descriptions  are  irrelevant.  For 
such  applications,  the  "smallest"  files  seem  to  be  the  most  suitable.  It  will  then  be 
the  task  of  the  data  base  management  system  (using  the  conglomeration  operation) 
to  establish  a  file  with  a  bigger  set  of  values  when  such  a  file  is  needed. 

Let  us  now  regard  the  single  files.  These  files  will  be  used  to  store,  update, 
and  retrieve  data.  Of  importance  here  is  then  how  much  storage  space  the  file  will 
occupy,  how  easy  the  updates  can  be  executed,  and  how  fast  data  can  be 
retrieved.  This  will  all  depend  on  the  selected  file  organization.  Generally,  six 
basic  file  methods  are  used,  the  pile  file,  the  sequential  file,  the  index-sequential, 
the  multi-indexed  file,  the  direct  file,  and  the  multiring  file  (Wiederhold  1977:  160). 
The  performance  of  these  file  methods  may  be  evaluated  having  as  parameters  the 
degree  of  "structure"  found  in  the  data,  the  possible  variation  in  record  size,  and 
the  type  of  retrieval  which  is  needed  (fact-finding,  subset-summary,  or  exhaustive- 
summary)  (Wiederhold  1977:  161). 

Geodetic  data  will  generally  be  well  structured.  The  record  size  will  vary,  and 
both  factfinding  and  subset-summaries  are  important.  For  well-structured  data,  the 
sequential  organization  will  require  the  least  storage  space.  The  index-sequential, 
the  direct,  and  the  multiring  methods  will  require  some  extra  space.  If  it  is 
important  to  save  storage  space,  these  methods  must  be  preferred.  Considering 
the  huge  volume  of  data  dealt  with  in  data  bases  holding  gravity  or  satellite 
altimetry  data,  we  also  see  that  the  sequential  method  has  been  preferred  (Chin 
1977;  Dotson  and  Reinholtz  1975;  McConnel  1977). 

As  mentioned  above,  fast  updates  do  not  seem  to  be  an  important  aspect  of 
geodetic  data   handling  (as  compared   to  for  example  an  airline   seat   reservation 
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system).  However,  if  this  had  been  the  case  the  pile  and  the  multi-indexed  method 
would  have  been  the  best  choice. 

Fact  finding  (cf.  section  3,  application  (6))  and  retrieval  of  subset  summaries 
(cf.  section  3,  application  (1),  (2),  (4),  (5))  must  be  considered  to  be  the  most 
important  applications.  For  data  selection  in  connection  with  an  adjustment  of  a 
geodetic  network  or  geoid  or  deflection  of  the  vertical  computation,  the  subset 
summary  retrieval  is  the  most  important.  For  fact  finding  the  multi-index  method 
is  excellent,  but  the  indexed-sequential,  the  direct,  and  the  multiring  methods  are 
also  good.  For  subset  summaries  the  multiring  method  is  regarded  as  excellent, 
while  the  multi-indexed  method  is  regarded  as  good. 

The  multi-indexed  method  is  the  one  proposed  and  used  by  NGS  (Schwarz 
1977),  and  it  seems  to  be  an  excellent  method  for  handling  geodetic  data.  At  the 
Danish  Geodetic  Institute  the  index-sequential  method  is  basically  used.  However, 
the  single  records  in  the  files  which  are  used  for  fast  data  retrieval  (the  horizontal 
position  file)  contain  pointers  to  the  single  data-elements,  so  that  the  file  in  reality 
is  structured  as  a  indexed  file. 

Let  us  again  regard  the  whole  data  base,  which  will  consist  of  several  different 
files.  The  values  of  properties  of  one  entity  may  hence  be  found  in  different  files. 
In  order  to  describe  this  situation  a  model  for  the  whole  data  base  must  be 
established.  For  this  purpose  several  models  can  be  used:  the  relational  model,  the 
entity  model,  the  hierachical  model  and  the  network  model  (Wiederhold  1977:  366). 
The  entity  model  makes  it  possible  to  use  different  definitions  of  an  entity  (i.e., 
instead  of  regarding  the  trigonometric  stations  in  table  1  as  entities,  the  "source" 
may  be  regarded  as  an  entity).  In  the  network  model  also  all  cross-references 
between  trigonometric  stations  between  which  observations  have  been  carried  out 
will  be  explicitly  represented. 

The  hierachical  model  has  been  discussed  by  Schwarz  and  Fury  (1977).  Here 
the  data  are  viewed  as  having  a  tree-structure  with  roots  being  the  station 
identification  number  and  leaves  being  the  single-scale  readings  (the  observations). 
This  model  corresponds  very  well  to  the  multi-indexed  file  mode.  The  drawback  is 
that  some  of  the  basic  data  management  operations  (cf.  section  2),  namely 
conglomeration  and  separation,  are  not  easily  defined  and  rarely  are  implemented 
(Wiederhold  1977:  426).  This  is  a  severe  inflexibility  which  must  be  taken  into 
account  when  implementing  a  data  base.  In  practice  it  means  that  it  is  very 
difficult  to  add  a  new  property  to  the  property  set  (as  for  example  the  day  and  time 
of  the  observations,  if  this  was  not  included  in  the  original  file). 

The  relational  model,  however,  does  not  have  this  drawback.  This  model  can 
be  established  when  the  values  of  one  isotypic  set  can  be  used  as  identifiers  (such 
as  the  station  number  in  table  1).  The  basic  binary  relations  are  then  formed  by 
the  entity  identifiers  and  the  property  value — or  more  correctly  by  the  two 
properties  and  the  two  values.  The  data  representation  of  n  isonymous  information 
elements  is  called  a  list  or  n-taple.  A  homogeneous  information  set  is  called  a 
relation.  The  identifiers  are  called  the  ruling  part  and  the  other  values  the 
dependent  part  of  the  relation. 

In  the  same  manner  as  for  homogeneous  information  sets,  set  theoretical 
operations  can  be  defined  for  relations  and  are  contained  in  programming 
languages  like  APL.  Note  that  the  file  organizations  which  correspond  most 
directly  to  this  model  are  the  sequential  and  the  index-sequential  models. 
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5.    Conclusion 

The  evaluation  of  different  file  and  data  base  models  and  of  data  base 
management  systems  for  a  geodetic  data  base  is  not  possible  without  having 
experience  with  actual  implementation.  Unfortunately  not  much  literature  has  yet 
been  published  about  the  functioning  of  data  bases  containing,  e.g.,  horizontal  and 
vertical  position  or  observation  data.  However,  simple  data  base  systems  for 
gravity  data  are  known  to  function  excellently  using  mostly  the  sequential  file 
method.  These  data  bases  mostly  are  used  only  for  data  storage  and  retrieval. 

From  more  theoretical  considerations,  it  can  be  concluded  that  the  multi- 
indexed  file  method  should  be  excellently  suited  for  geodetic  data.  However,  the 
related  hierachical  data  model  seems  to  contain  an  inflexibility  which  makes  it  less 
suited  for  geodetic  data. 

Thus,  the  users  and  designers  of  geodetic  data  bases  are  encouraged  to  make 
investigations  in  this  field,  so  that  more  precise  recommendations  about  advisable 
file  methods  and  data  base  models  can  be  used. 

In  this  report  we  have  mainly  regarded  the  data  management  system  as 
supporting  data  retrieval  functions.  However,  the  experiences  at  NGS  (Whalen  and 
Balazs  1976)  show  that  many  applications  can  be  found  in  the  field  of  storage  and 
analysis  of  observational  data.  Further  investigations  and  experiments  in  this  field 
are  therefore  strongly  recommended. 
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Abstract:  The  new  adjustment  of  the  North  American  horizontal 
control  network  requires  an  elaborate  data  entry  system  for  removal  of 
error  prior  to  the  zeroth  iteration  of  the  Helmert  block  adjustment. 
Helmert  blocking  localizes  error,  but  in  the  presence  of  many  errors,  this 
advantage  turns  into  a  drawback.  Project  level  validation  removes  as 
much  error  as  possible  at  the  level  of  the  single  archival  project  and  is 
based  on  a  knowledge  of  the  rules  governing  field  surveys.  Block 
validation  regards  the  network  as  a  whole  and  looks  at  medium-size 
geographic  areas  to  see  how  projects  behave  in  combination.  The  unit 
of  data  in  block  validation  is  the  Data  Entry  Module  (DEM),  which  is 
created  by  a  Helmert  block  partitioning  of  observations.  The  DEM  is  also 
the  unit  of  data  loaded  into  the  National  Geodetic  Survey  (NGS)  data 
base,  eliminating  the  need  for  additional  data  handling  beyond  block 
validation.  Both  project  and  block  validation  use  least-squares  adjustment 
as  the  main  validation  tool.  Data  base  consistency  checks  are  a  final, 
economic  way  to  ensure  the  consistency  of  DEM's  at  their  junctions. 
Choice  of  a  Helmert  block  partitioning  scheme,  which  is  near-optimal 
with  respect  to  data  entry,  combined  with  data  base  consistency  checks, 
should  ensure  that  the  data  base  contains  a  minimum  of  data  which  are 
unvalidated  with  respect  to  adjustability. 

The  Role  of  Horizontal  Data  Entry  in  the  New  Adjustment 

"Data  entry"  is  the  term  used  to  describe  the  process  undergone  by  data 
between  the  point  of  capture  and  the  point  of  use  by  an  application.  If  data  lose 
their  integrity  during  data  entry,  the  application  will  fail.  This  is  true  no  matter 
how  much  care  is  taken  to  assure  the  "correctness"  of  what  is  done  within  the 
application  itself.  Data  entry  is  therefore  always  the  critical  process,  the  weak  link. 

In  scientific  computer  applications,  the  importance  of  data  entry  is  often 
minimized  because  of  the  ease  with  which  reruns  can  be  made  when  bad  results 
are  traced  to  data  errors.  While  admitting  the  need  for  elaborate  data  entry 
systems  in  real-time  scientific  application  such  as  rocket  launches,  we  are  more 
comfortable  associating  such  systems  with  applications  where  financial  or  legal 
culpability  is  at  stake,  i.e.,  with  the  world  of  commercial  data  processing. 

The  new  adjustment  of  the  North  American  horizontal  control  network  is  a 
scientific  application  for  which  an  elaborate  data  entry  system  is  justified.  It  is 
estimated  that  the  main  computational  part  of  the  new  adjustment,  the  Helmert 
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block  solution,  may  require  as  many  as  six  levels  if  a  nested  dissection  strategy 
(Pope  1978)  is  used.  This  means  a  total  of  (4°  +  41  +  42  +  43  +  44  +  45)  =  1,365 
computer  runs  for  each  iteration,  assuming  no  errors.  Certain  data  errors — missing 
observations  or  incorrect  weights,  for  example — make  themselves  felt  in  the  form 
of  numeric  singularities,  which  may  occur  at  any  level.  Other  data  errors — 
blunders  in  observed  values  or  preliminary  coordinates,  for  example — contradict 
the  assumption  of  linearity,  and  may  cause  the  solution  to  converge  slowly  or 
actually  to  diverge.  Such  errors  are  by  far  the  most  difficult  to  analyze.  For 
simplicity,  let  us  consider  only  singularity-causing  errors. 

Because  Helmert  blocking  localizes  error  (Isner  1978a),  a  singularity  at  level  n 
requires  only  kn  reruns,  where  k  is  the  number  of  blocks  affected  by  the  error  (see 
fig.  1).  At  the  inital  level,  k  =  n  =  1.  At  higher  levels,  k  >  1  since  the  error  is  in 
the  junction  zone  between  two  or  more  blocks.  If  k  is  taken  conservatively  as  1, 
and  it  is  assumed  that  there  is  only  one  singularity-causing  error  affecting  the 
interior  of  each  block  at  each  level,  the  total  number  of  computer  runs  swells  to 
[2(45)  +  3(44)  +  4(43)  +  5(42)  +  6(4*)  +  7(4°)]  =  3,183.  It  can  be  assumed  that 
2(1,365)  =  2,730  is  a  ceiling  on  the  number  of  runs,  since  this  is  the  number  we 
would  have  to  make  in  "batch"  mode,  that  is,  where  the  solution  is  allowed  to  run 
its  course  even  after  a  singularity  is  discovered,  allowing  all  singularities  to  be 
discovered  in  the  forward  course  of  a  single  iteration.  The  example  shows  that  in 
the  presence  of  many  errors,  it  is  better  to  waste  an  iteration  finding  those  errors 
than  it  is  to  depend  on  the  error-localization  feature  of  Helmert  blocking.  If,  on  the 
other  hand,  there  are  few  errors,  something  close  to  the  lower  limit  of  1,365  runs 
may  reasonably  be  expected.  The  zeroth  iteration  of  the  adjustment  is,  in  any 
case,  not  the  quickest  or  cheapest  way  to  debug  data! 

Having  established  the  need  to  minimize  errors  prior  to  the  Helmert  block 
adjustment,  we  have  established  the  need  for  a  data  entry  system  that  does 
considerably  more  than  simply  "put  data  into  machine-readable  form."  This  paper 


An  Error  Detected  Here 


/ 

...Traced  to  an  Error  Here 

...Required  Three  Reruns 
(Corresponding  to  the 
Three  Circled  Nodes) 

Figure  1.  —  Localization  of  error  in  Helmert  blocking. 
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describes  the  NGS  Horizontal  Data  Entry  System  and  emphasizes  those  features 
of  the  system  design  whose  purpose  is  (1)  validation  (the  assurance  of  correctness) 
of  data  and  (2)  preservation  of  the  integrity  of  validated  data. 

For  an  overview  of  the  NGS  Horizontal  Data  Entry  System,  we  will  use  the 
HIPO  (IBM  1975)  documentation  in  figures  2  and  3.  The  Visual  Table  of  Contents, 
reproduced  in  figure  2,  shows  that  horizontal  data  entry  is  one  of  six  subfunctions 
of  data  entry.  Horizontal  Data  Entry  is  shown  in  "overview"  in  HIPO  diagram  2.4 
(reproduced  in  fig.  3). 

Project  Automation/Validation 

Step  2  of  the  central  box  of  figure  3  shows  that  Horizontal  Data  Entry  begins 
with  the  automation  and  validation  of  individual  archival  field  projects.  Since  1974, 
NGS  has  been  performing  this  process.  Although  not  indicated  by  figure  3,  step  2 
is  performed  concurrently  for  many  projects;  each  employee  of  the  New  Datum 
Sections  of  NGS's  Horizontal  Network  Branch  performs  step  3  for  one  or  more 
projects,  so  that  at  any  given  time  up  to  50  projects  may  be  in  various  stages  of 
automation  or  validation. 

There  are  two  reasons  for  treating  the  project  as  a  single  entity.  First,  each 
field  project  is  performed  under  relatively  uniform  observing  conditions  and 
procedures.  This  relates  directly  to  the  quality  of  observations  within  the  project 
and  will  permit  project-level  scaling  (Pfeifer  1975).  Secondly,  NGS  archives  are 
organized  by  project,  making  the  project  the  most  convenient  unit  of  data  for  this 
step. 

Process  2.1  transfers  the  archival  project  from  handwritten  documents  to 
machine-readable  media.  There  are  some  5,000  horizontal  field  projects  stored  in 
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FIGURE  2.  —Visual  table  of  contents. 
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2.4  Horizontal  Data  Entry 


Input 


Process 


2.0i 


Output 


NGS  Horizontal  Archive 

Project 

* 

Project 

NGS  Data  Base 


1 .     Allocate  Horizontal  Project  Data  Base 
2      For  Each  Project  in  NGS  Horizontal 
Archive,  Do 


2.1      Automate 


2  2     Validate  Under  "New  Datum 


2  3     Review  to  Determine  Value  to 
New  Adjustment  2  4  3 


2  4    If  Accepted,  Store  in  Horizontal 
Project  Data  Base  2  4  4 


3.    Design  a  Helmert  Block  Partitioning 
Scheme  for  Data  Entry  245 


4     For  Each  Block  Defined  in  3.  Do 


1     Perform  Block  Creation/ 
Validation  2  4  6 


4  2     Load  Data  Entry  Module  Into 
NGS  Data  Base  2  4  7 


5     De-Allocate  Horizontal  Project  Data 
Base 


Horizontal  Project  Data 
Base 


NGS  Data  Base 


Return 
Figure  3.—  HIPO  "overview  diagram." 

the  NGS  archives,  involving  some  225,000  points  (having  a  total  of  2.6  million 
directions,  45,000  taped  and  electronically  measured  distances,  and  3,500  Laplace 
azimuths).  Because  of  budgetary  constraints,  it  was  decided  that  the  data  elements 
keyed  for  each  observation  would  be  limited  to  this  listing: 

(1)  a  code  indicating  the  observing  procedure  and  instrument  type,  (2)  a  source 
document  identifier,  (3)  a  standpoint  identifier,  (4)  a  forepoint  identifier,  (5)  an 
observation  date,  (6)  an  indication  of  forepoint  visibility  at  ground  level,  (7)  a 
standard  error  if  other  than  the  value  implied  by  the  observation  code,  and  (8)  the 
observed  value  itself. 

These  elements  are  keyed  directly  from  the  original  field  documents  whenever 
possible.  This  avoids  the  necessity  of  abstracting  data  onto  intermediate  forms  and 
hence  reduces  the  likelihood  of  transcription  error. 

Point  data,  consisting  of  NAD27  geodetic  positions  currently  published  by 
NGS,  are  collected  from  a  so-called  "GP  File"  and  Laplace  azimuths  are  collected 
from  an  "Astro  file,"  each  created  and  maintained  by  a  separate  organizational 
NGS  subunit.  (The  Astro  file,  for  example,  is  maintained  by  the  Gravity  and 
Astronomy  Section  of  the  Control  Networks  Division.)  The  result  of  merging  the 
point  data  and  astro  data  with  observational  data  is  a  "project"  in  machine- 
readable  form.  In  what  follows,  the  word  "project"  implies  "project  in  machine- 
readable  form." 

Project  validation,  process  2.2  of  figure  3,  begins  with  the  most  perfunctory 
checking,  called  "editing."  Editing  includes  field-  and  range-checks  that  immedi- 
ately catch  the  most  flagrant  errors;  for  example,  the  minutes  of  an  angular  value 


Horizontal  Data  Entry  237 

must  be  numeric  and  may  not  exceed  59  in  value.  Editing  is  followed  by  "low-level 
validation,"  where  more  complex  relationships  among  data  elements  are  examined. 
For  example,  the  codes  assigned  to  observations  must  be  consistent  with  the  order 
and  type  of  the  points  connected  by  those  observations. 

The  next  process  to  be  performed  is  the  free  adjustment  of  the  main-scheme 
network,  in  which  the  equivalent  of  one  fixed  point,  one  azimuth,  and  one  distance 
is  held  fixed.  The  main-scheme  free  adjustment  allows  a  clean  analysis  of 
directions,  undistorted  by  the  presence  of  azimuth  or  distance  constraints.  Because 
NGS  has  historically  used  triangulation  as  its  primary  survey  method,  and  because 
triangulation  consists  mostly  of  directions,  the  main-scheme  free  adjustment 
validates  the  most  significant  segment  of  the  observation  population. 

Finally,  a  "combined"  adjustment  with  one  point  fixed  includes  all  distances 
and  azimuths,  as  well  as  directions  to  supplemental  and  intersection  stations.  The 
combined  adjustment  tells  how  well  the  project  fits  together  as  a  whole,  and  may 
result  in  rejection  of  observations  or  recommendations  to  strengthen  the  network 
by  performing  additional  fieldwork.  It  should  be  emphasized  that  the  sole  object  of 
these  adjustments  is  to  verify  the  correctness  of  data.  Adjustment  results,  per  se, 
are  not  saved  or  used  in  any  other  way. 

The  rules  of  project  automation,  project  formation,  editing,  low-level  valida- 
tion, and  adjustment  are  spelled  out  in  great  detail  in  a  manual  known  as  "Trav 
Deck  Procedures."  These  rules  are  enforced  by  the  various  computer  programs 
used  for  project  validation.  When  a  violation  of  the  rules  is  indicated  by  a  program, 
corrections  must  be  applied  to  the  project.  The  entire  process,  including  both 
adjustments,  is  then  repeated  until  a  clean  execution  of  each  validation  step  is 
obtained.  Step  2.3  of  figure  3  shows  that  the  validation  evidence  (which  includes  a 
report  prepared  by  the  person  performing  the  project  automation/validation),  must 
be  reviewed  in  order  to  determine  the  value  of  a  project  to  the  new  adjustment.  If 
accepted,  the  project  is  stored  in  an  intermediate  "Project  Data  Base"  where  it 
awaits  the  final  step  of  horizontal  data  entry. 


Need  For  a  Higher  Level  of  Validation 

The  concurrent  independent  way  in  which  projects  are  automated  and 
validated  increases  "throughput"  but  leaves  cause  for  some  concern.  While 
project-level  adjustments  detect  errors  in  a  project's  interior,  they  can  predict  little 
about  the  junction  areas  between  projects.  Nor  can  such  adjustments  tell  anything 
about  how  projects  will  interact  when  combined  to  form  the  National  network. 
Furthermore,  they  provide  no  indication  of  missing  data;  whole  projects  may  even 
be  missed,  leaving  voids  in  the  network.  What  is  needed  is  a  higher  level  of 
validation  beyond  the  project  level  but  short  of  the  zeroth  iteration  of  the  Helmert 
block  adjustment.  Such  higher  level  validation  should  concern  itself  with  the 
qualities  of  completeness,  connectedness,  and  compatibility  of  projects. 

The  need  for  a  higher  level  of  validation  was  recognized  early  in  the  new 
adjustment.  From  the  beginning,  it  was  called  "block  validation."  However,  an 
understanding  of  how  to  perform  block  validation,  and  how  to  define  the  unit  of 
data  called  a  "block"  evolved  in  parallel  with  two  other  developments  within  NGS: 
the  NGS  data  base  and  the  Helmert  block  adjustment  system. 
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Parallel  Developments  Influencing  Block  Validation  Design 

As  mentioned  earlier,  a  data  entry  system  must  preserve  the  integrity  of  data 
from  one  step  to  the  next.  This  principle  would  be  violated  if,  during  block 
validation,  a  change  were  permitted  within  a  project  which  caused  that  project  to 
violate  Trav  Deck  Procedures.  The  same  is  true  for  the  step  that  follows  block 
validation:  It  must  not  permit  any  changes  which  violate  either  Trav  Deck 
Procedures  or  the  rules  of  block  validation. 

The  final  step  of  horizontal  data  entry  is  the  loading  of  horizontal  data  into  the 
NGS  data  base.  The  desire  to  preserve  data  integrity  gave  rise  to  the  idea  that  the 
unit  of  data  subjected  to  block  validation  could  also  be  the  unit  of  data  loaded  into 
the  data  base.  This  would  eliminate  the  need  for  intermediate  handling  and  the 
possibility  of  introducing  error  or  losing  data.  Simple  economics  also  favored  this 
plan,  since  each  data  base  loading  run  would  entail  a  fixed  overhead,  and  loading 
relatively  large  units  of  data  would  reduce  the  number  of  loading  runs  from  5,000 
(one  per  project)  to  perhaps  500  (if  each  unit  contained  about  500  points  or  10 
average  size  projects)  Such  considerations,  however,  still  did  not  dictate  what 
form  the  unit  should  take. 

A  precise  definition  of  the  unit  of  data  to  be  used  for  data  entry  was 
formulated  during  early  work  with  Helmert  blocking.  It  was  noted  that  what  makes 
a  Helmert  block  attractive  mathematically,  also  makes  it  useful  for  other,  basically 
nonnumerical  applications.  A  Helmert  block  partitioning  scheme  divides  the 
observations  of  a  network  into  disjoint  subsets  such  that  (a)  each  observation 
belongs  to  one  and  only  one  subset,  and  (b)  no  observation  is  left  out.  Therefore,  a 
Helmert  block  partitioning  scheme  can  be  used  for  any  application  needing  disjoint 
sets  of  observations.  (These  subsets  are  related  to  Helmert  blocks  by  a  simple 
transformation,  namely,  the  formation  of  normal  equations.) 

The  projects  themselves  certainly  constitute  a  Helmert  block  partitioning 
scheme,  because  each  observation  belongs  to  exactly  one  project.  But  the  use  of 
the  project  for  data  entry  offers  some  difficult  bookkeeping  problems,  because 
projects  overlap  in  space  and  no  automatic  index  to  NGS  archival  projects  exists, 
having  been  ruled  not  feasible  several  years  ago. 

To  simplify  bookkeeping,  it  was  decided  to  choose  a  "geographic  partitioning 
scheme"  where  observations  are  partitioned  according  to  the  geographic  location 
of  the  standpoint.  Each  of  the  observation  subsets  resulting  from  such  a  partitioning 
is  called  a  "Data  Entry  Module,"  or  "DEM"  for  short.  A  DEM  may  then  be  defined 
by  describing  its  geographic  extent.  To  give  an  idea  of  how  simple  data  entry 
bookkeeping  would  be  with  such  geographical  blocks,  consider  the  following  data 
entry  scenario.  A  list  of  the  thousand-or-so  1-degree  squares  covering  the  United 
States  could  be  made  and  checked  off  one  by  one  as  1-degree  DEM's  were  loaded 
(however,  an  argument  against  such  a  high  degree  of  regularity  will  be  advanced  in 
the  next  paragraph).  The  use  of  DEM's  would,  therefore,  drastically  decrease  the 
chance  of  any  observation  being  loaded  twice  or  any  observation  being  left  out.  In 
fact,  such  checks  could  be  easily  automated. 

The  question  of  how  to  perform  "block  validation"  also  has  a  simple  answer  if 
the  unit  of  input  to  block  validation  is  the  DEM.  Helmert  block  adjustment 
software,  written  for  multilevel  adjustments,  can  also  be  used  to  perform  free 
adjustments  of  single  Helmert  blocks  (Isner  1978b).  Such  adjustment  would  reveal 
the  presence  of  singularity  in  a  block's  interior,  but  could  say  nothing  about  the 
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Figure  4. — Design  of  Helmert  blocking  scheme  tor  data  entry. 

determinancy  of  junction  points  (just  as  project  adjustments  are  unable  to  predict 
singularity  at  project  junctions)  because  of  incomplete  information.  However, 
OEM's  can  be  created  for  any  geographic  area  desired:  This  means  that  with  a 
well-designed  partitioning  scheme,  the  number  of  junction  points  can  be  reduced 
in  proportion  to  the  number  of  interior  points  on  which  validation  is  effective, 
leaving  a  relatively  small  proportion  of  unvalidated  areas  in  the  network  (see  fig. 
4). 


Current  Block  Validation  Design 

In  light  of  the  preceding  section,  process  3  of  figure  3  should  now  make  sense. 
"Design  Helmert  Block  Partitioning  Scheme  for  Data  Entry"  dictates  that  a  system 
of  lines  be  drawn  on  a  map  of  the  United  States  in  such  a  way  that  each  area 
enclosed  by  lines  defines  (constitutes  the  geographic  extent  of)  a  single  DEM  (of 
course  the  scheme  may  actually  be  designed  by  computer,  using  a  digital 
representation  of  the  network).  Because  the  NGS  data  base  is  organized  by  7V2- 
minute  quadrangles  (Alger  1975)  these  areas  must  be  bounded  by  71/2-minute 
grid  lines;  but  this  restriction  will  still  allow  fairly  high  resolution,  when  compared 
to  average  network  spacing,  for  the  minimization  of  junction  points. 

The  "For  loop"  beginning  with  process  4  of  figure  3  indicates  that  the 
following  steps  are  to  be  done  for  each  DEM  in  the  scheme.  Several  DEM's  may 
be  processed  concurrently,  although  the  HIPO  diagram  cannot  show  this.  As  in 
the  case  of  project-level  processing,  concurrency  is  a  major  factor  in  the  optimation 
of  human  resources  maximizing  "throughput. " 

The  processes  involved  in  creating  a  DEM  are  illustrated  in  figures  5  through 
8. 
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FIGURE  5. — Collect  from  the  project  data  base  all  projects  having  at  least  one  point  inside  the  area. 


The  core  of  Block  Validation  is  an  adjustment  of  the  block.  It  uses  a  DEM 
preprocessor  to  transform  the  DEM  into  a  Helmert  block  and  then  uses  the 
Helmert  block  Initial  Level  System  (ILS)  software  described  in  Isner  (1978a)  to  do 
the  adjustment.  The  plan  is  to  require  both  free  and  combined  adjustments 
(analogous  to  the  two  project  adjustments)  when  block  validation  begins  in  earnest 
early  next  year.  After  each  adjustment,  reporting  and  analysis  software  is  used  to 
investigate  interior  singularities,  large  residuals,  or  convergence  failure.  The 
process  is  repeated  until  a  reasonable  adjustment  (measured  by  the  variance  of 
unit  weight  and  rate  of  convergence)  is  obtained.  To  date,  one  "pilot"  block 
validation  project  has  been  performed  (Timmerman  1978)  and  "Block  Validation 
Procedures"  is  in  the  process  of  being  written. 

Each  data  change  necessitated  by  block  validation  is  made  to  a  copy  of  the 
original  project  containing  the  error.  This  is  done  to  ensure  integrity  of  data  at  the 
project  level.  Each  project  thus  modified  must  then  be  revalidated  under  Trav 
Deck  Procedures.  A  new  DEM  is  created  and  block  validation  is  repeated.  At  the 
end  of  the  last  pass  through  this  cycle,  the  DEM  is  sent  intact  to  the  data  base 
load  step  (process  4.2  of  figure  3).  Corrections  accumulated  during  the  block 
validation  cycle  are  returned  to  the  New  Datum  Sections  where  they  are  perma- 
nently applied  to  projects  in  the  project  data  base.  Figure  9  shows  DEM  creation 
and  validation  in  the  form  of  a  system  flow  chart. 
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FIGURE  6. — Apply  the  block  definition  separately  to  each  project  to  form  a  set  of  "partial  DEM's." 


NGS  Data  Base  Consistency  Checks 

Project  validation  plus  block  validation  will  result  in  a  dramatic  reduction  of 
error,  especially  if  the  Helmert  block  partitioning  scheme  designed  for  data  entry 
is  a  good  one  (minimizes  junction  points).  Even  after  both  processes  are  complete, 
however,  there  remains  an  unavoidable  fraction  of  the  network  for  which  no 
information  about  adjustability  exists,  namely,  the  junction  zones  between  blocks. 
This  section  discusses  a  final,  economic  check  which  will  be  implemented  in  the 
Horizontal  Data  Entry  System.  Although  it  cannot  assure  adjustability  of  the 
junctions,  this  check  will  at  least  reduce  the  likelihood  of  error. 

Figure  8  showed  that  a  Data  Entry  Module  contains,  in  addition  to  the 
observations,  certain  information  called  "cross-references."  In  automatic  Helmert 
blocking,  cross-references  are  needed  to  determine  the  junction  points  of  higher 
level  blocks  (Dillinger  1978).  The  Higher  Level  Subsystem  (HLS)  of  the  Helmert 
block  adjustment  system  (Dillinger  1978)  defines  a  cross-reference  as  a  relation 
between  a  point  in  one  Helmert  block  and  another  block  containing  additional 
information  about  that  point  (such  points  are  called  "inside  junction  points").  Let 
us  call  such  cross-references  "HLS  cross-references."  An  initial  level  Helmert 
block  may  indeed  be  part  of  some  Helmert  blocking  strategy  (i.e.,  collection  of 
block  definitions),  but  it  contains  no  information  about  the  existence  of  that 
strategy.  Therefore,  it  is  impossible  to  represent  HLS  cross-references  in  initial 
level  blocks.  For  this  reason,  indirect  references  must  be  substituted  at  the  initial 
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FIGURE  7. — Superimpose  the  "partial  DEMY'  to  form  a  composite  DEM. 

level.  Our  solution  is  to  represent  cross-references,  somewhat  like  observations, 
using  the  standpoint  identifier  as  the  indirect  reference.  Let  us  call  such  indirect 
cross-references  "ILS  cross-references"  or  simply  "cross-references."  Since  the 
HLS  has  access  to  the  strategy  and  can  relate  each  point  to  a  particular  block  by 
the  QID  method  (Isner  1978b),  ILS  cross-references  can  be  converted  to  HLS 
cross-references,  as  figure  10  shows. 

In  creating  a  DEM  (ILS),  cross-references  are  included  for  convenience  so 
that  Helmert  block  adjustments  can  be  performed  without  the  use  of  an 
intermediate  data  base.  (The  Kentucky-Tennessee  Pilot  Project  (Timmerman  1978) 
relied  on  this  provision).*  When  a  DEM  reaches  the  data  base  load  step,  however, 
the  cross-references  are  handled  in  a  special  way  which  provides  an  added  check 
on  block  boundaries. 

When  a  DEM  is  loaded  into  the  NGS  data  base,  observations  and  cross- 
references  are  checked  for  consistency  against  the  portion  of  the  network  already 
in  the  data  base.  Four  cases  are  shown  in  figure  11.  For  every  observation,  the 
forepoint  data  base  record  will  be  examined.  If  the  forepoint  lies  in  an  area  which 
has  not  been  loaded  yet  (case  1),  the  standpoint  identifier  will  be  placed  in  the 
forepoint's  cross-reference  list.  If  the  forepoint  lies  in  an  area  which  has  been 


*  The  NGS  data  base  allows  us  to  use  a  different  partitioning  scheme  lor  Helmert  block 
adjustments  than  was  used  for  data  entry;  that  is,  it  allows  ad  hoc  block  definitions  to  be  made  and 
avoids  the  necessity  of  going  back  to  projects  and  performing  DEM  creation. 
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Data  Entry  Module  (DEM) 
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FIGURE  8. — A  DEM  consists  of  observations  plus  information  needed  to  transform  it  into  an  Initial 

Level  Helmert  block. 
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To  NGS  Data  Base 
Kigure9. — DEM  creation  block  validation  system  flowchart. 


loaded,  however  (case  2),  its  cross-reference  list  will  be  checked  to  see  that  it 
already  contains  the  standpoint  identifier.  For  every  cross-reference,  the  standpoint 
data  base  record  will  be  examined.  If  the  standpoint  lies  in  an  area  which  has  not 
yet  been  loaded  (case  3),  the  standpoint  identifier  will  be  placed  in  the  forepoinfs 
cross-reference  list.  If  the  standpoint  lies  in  an  area  which  has  been  loaded, 
however  (case  4),  its  data  base  record  is  checked  to  see  that  an  observation  over 
that  line  is  present.  Failure  of  either  of  the  above  "checks"  indicates  that  the  DEM 
being  loaded  is  tied  inconsistently  to  that  portion  of  the  network  already  loaded 
and  will  result  in  rejection  of  the  DEM. 


Conclusion 


he  horizontal  data  entry  system  designed  for  the  new  adjustment  places 
urn  on  the  early  elimination  of  data  errors  and  the  preservation  of  da 
ity.   It  takes  advantage  of  concurrency  to  expedite  the  processing  of   mai 
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ILS  Cross -Ref  +  Strategy  4>  HLS  Cross-Re! 


1 .  Block  I  ILS  Cross-Reference:  "B  Is  Seen  by  A" 

2.  Block  II  Definition  Shows  A  Is  Inside  Block  II 

3.  HLS  Cross-Reference:  "Block  II  Has  Info  About  B" 

FIGURE  10. — ILS  cross-references  can  be  converted  to  HLS  cross-references. 
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FIGURE  11.  —  NGS  data  base  consistency  checks. 
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units  of  data  in  a  timely  fashion,  without  neglecting  the  new  problems  created  by 
concurrency.  Finally,  the  system  is  integrated  into  the  overall  design  philosophy  of 
the  new  adjustment,  particularly  with  regard  to  the  design  of  block  validation 
procedures. 
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Abstract:  Currently  the  National  Geodetic  Survey  (NGS)  is  implement- 
ing a  data  base  system  that  is  being  developed  in-house.  This  system  will 
be  used  in  the  following  capacities:  It  will  (1)  serve  as  the  custodian  of 
NGS  data,  (2)  act  as  a  tool  for  the  new  adjustment  of  the  North  American 
Datum  (NAD),  and  (3)  provide  the  basis  for  an  automatic  data  publication 
system.  Many  problems  were  encountered  in  data  collection  and  storage 
during  implementation  of  the  data  base.  Some  of  these  problems  and 
their  solutions  are  discussed. 

During  the  past  several  years  the  National  Geodetic  Survey  (NGS)  has  been 
converting  data  to  machine-readable  form  in  preparation  for  the  North  American 
Datum  (NAD)  new  adjustment.  This  process  has  entailed  the  keying  of  all  the 
published  point  data  (positional  and  descriptive  data)  as  well  as  observational  data 
for  some  225,000  stations.  Because  of  the  tremendous  quantity  of  data  being 
collected,  efficient  management  is  essential — hence,  the  need  for  the  data  base. 

Data  Entry 

"Data  entry"  of  the  various  data  types  (see  fig.  1)  is  performed  concurrently 
in  many  different  organizational  units  within  NGS.  One  common  problem  to  all  of 
these  data  entry  subsystems  is  the  need  for  validation  procedures.  This  is 
particularly  important  for  the  NGS  project,  which  spans  several  years  and  involves 
great  quantities  of  data.  Because  of  changes  in  data  codes,  formats,  and  procedures 
which  were  encountered  in  the  beginning,  standards  were  developed  for  each  data 
type  and  later  translated  into  editing  and  validation  programs.  All  data  are 
validated  against  these  standards  to  ensure  consistency. 

A  second  problem  that  arose  was  the  merger  of  various  data  types.  To 
facilitate  the  merging  process,  data  elements  (station  name  and  position)  were 
selected  as  identifiers,  unique  within  an  area.  In  addition,  for  some  data  types,  a 
job  station  number  was  assigned.  This  job  station  number  comprises  a  2-character 
code  to  identify  a  group  of  data,  and  a  3-character  sequential  number  to  identify 
stations  uniquely  within  this  group. 

The  merging  process  consists  of  two  major  functions  which  are  accomplished 
with  the  aid  of  the  data  base.  First,  the  Data  Base  Management  System  (DBMS) 
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must  be  able  to  uniquely  identify  the  stations  to  which  the  data  pertains.  Secondly, 
DBMS  must  provide  some  method  of  bringing  the  different  data  types  together. 

Assignment  of  Unique  Identifier 

One  of  the  first  functions  of  DBMS  is  to  assign  a  globally  unique  identifier  to 
each  station.  This  unique  identifier  is  known  as  a  Quad  Identifier/Quad  Station 
Number  (QID/QSN).  The  prefix  of  the  QID/QSN,  the  QID  (see  fig.  2),  is  9 
characters  long  and  describes  a  7V2-minute  quadrangle.  The  character  fields 
consist  of:  (a)  hemisphere  code  (N  or  blank  for  north;  S  or  1  for  south),  (b)  degrees 
of  latitude  of  SE  corner,  (c)  degrees  of  longitude  of  SE  corner,  and  (d)  the  last 
three  characters  which  indicate  a  30-minute,  15-minute,  and  71/2-minute  quad, 
respectively. 

The  QSN  is  a  4-character  numeric  field  which  is  sequentially  assigned  by  the 
DBMS.  The  QSN  uniquely  defines  a  station  within  a  7V2-minute  quad. 

Positional  data  are  selected  to  be  entered  into  the  data  base  first  and,  thus, 
build  the  basic  framework  for  matching  the  other  data  types.  There  are  several 
reasons  for  the  selection  of  the  positional  data  as  the  basic  component:  (a)  Much  of 
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Figure  2.— QID  definition. 
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the  data  existed  in  machine-readable  form  because  a  publication  process  already 
existed,  (b)  The  positional  data  contained  enough  information  to  allow  the  other 
data  types  to  be  matched  to  them,  using  station  name,  position,  and/or  job  station 
number  (a  locally  established  key  identifies  stations  within  a  group)  as  the  local 
match  keys,  and  (c)  There  will  be  positional  data  for  all  stations  that  have  been  or 
will  be  published. 

During  positional  data  entry,  every  new  station  is  assigned  a  QID/QSN.  The 
QID  is  comupted  using  the  station's  position  at  entry  time  (which  is  the  published 
NAD  1927  position);  the  QSN  is  assigned  by  obtaining  the  next  available  number 
from  the  DBMS  for  that  QID.  Once  this  identifier  is  assigned,  it  is  never  changed 
regardless  of  positional  changes,  such  as  readjustment  of  the  station.  This  is 
because  it  is  a  DBMS  identifier.  Even  though  the  station's  adjusted  position  may 
change,  the  method  of  locating  the  station  in  the  data  base  does  not.  It  must  be 
pointed  out  that  the  QID  "only"  indicates  the  "relative"  position  of  the  station. 


Matching 

Once  positional  data  entry  is  complete  (within  an  area),  the  other  data  types 
can  be  matched  to  it,  bringing  all  the  data  for  a  single  station  together  in  the  data 
base.  Matching  of  a  given  data  type  is  accomplished  by  retrieving  the  appropriate 
"match  records"  containing  both  the  local  match  identifiers  of  that  data  type  and 
their  QID/QSN's.  A  match  record  is  retrieved  from  the  data  base  for  each  station 
within  a  specific  "geographic  boundary"  as  determined  from  the  input  data. 

The  local  identifiers  from  the  match  records  are  compared  against  the  input 
data  to  identify  common  stations,  allowing  the  data  base  QID/QSN's  to  be 
transferred  to  the  input  records.  Once  this  transfer  is  accomplished,  the  input 
records  can  be  merged  with  the  other  station's  data  already  in  the  data  base. 

This  matching  is  more  than  a  simple  merging  process;  it  is  a  final  validation  of 
the  different  data  types  prior  to  data  base  entry.  Matching  identifies  missing  data, 
incorrect  local  identifiers,  and  the  existence  of  duplicate  data — enabling  the  user 
to  take  corrective  action.  The  programs  display  the  unmatched  data  for  resolution, 
forcing  the  user  to  rectify  inconsistencies. 

As  an  example,  even  the  positional  data  are  put  through  this  matching 
process.  Part  of  the  entry  cycle  includes  a  comparison  of  each  new  group  of 
stations  being  entered  against  those  stations  already  existing  in  the  data  base.  This 
process  identifies  duplicate  positional  data  records  and  historical  data  records  as 
well  as  updates  to  positional  data  already  in  the  data  base.  The  matching  program 
for  positional  data  also  compares  the  positional  data  being  entered  with  itself  to 
identify  duplicate  records.  Records  which  are  positionally  close  (0.3  second  in 
position)  are  displayed  for  manual  resolution.  Those  records  which  are  not 
displayed  (approximately  80  percent-95  percent)  are  automatically  entered  into  the 
data  base  where  a  QID/QSN  is  assigned. 

Any  one  of  the  following  four  actions  must  be  applied  to  the  displayed  data; 

(a)  Input — The  record  refers  to  a  station  which  is  different  from  any  nearby 
station, 

{b) Delete — The  record  refers  to  a  station  for  which  a  record  already  exists, 

(c)  Update — The  record  refers  to  a  station  for  which  Positional  data  already 
exist  in  the  data  base,  but  it  is  desired  to  update  the  data  base  information,  and 
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{d)  History — The  record  refers  to  a  station  for  which  Positional  data  exist  in 
the  data  base.  The  data  are  stored  directly  into  an  historical  record  for  that  station 
in  the  data  base. 

Upon  entry,  these  directives  are  interpreted  and  the  appropriate  actions  are 
taken  by  the  programs. 

Prompting  System 

The  Prompting  System  is  a  collection  of  special  text  editing  commands  which 
are  much  like  a  miniprogramming  language  for  a  time-sharing  terminal.  The 
commands  prompt  the  user  for  information  which  is  used  to  add,  delete,  or  modify 
an  existing  processing  procedure.  Once  this  procedure  is  tailored  to  the  individual 
user's  needs,  it  is  submitted  to  the  computer  as  a  "batch"  job. 

A  series  of  these  prompting  programs  have  been  written  to  instruct  users  on 
the  use  of  DBMS,  provide  data  base  security,  and  solve  the  problems  of 
concurrency  associated  with  multiple  users  performing  data  base  entry. 

The  Prompting  System  is  structured  like  a  tree  where  the  user  makes 
decisions  and  is  authorized  to  proceed  at  each  branch.  When  the  user  initially 
begins  a  session  on  the  computer  system  (via  remote  time-share  terminal),  the 
user's  account  and  initials  cause  the  Prompting  System  to  be  automatically  called. 
It  is  at  this  point  that  the  prompting  begins  (i.e.,  "Do  You  Wish  General 
Instructions?")  allowing  the  user  to  be  guided  through  the  system  to  the  desired 
function.  Figure  3  shows  a  general  outline  of  the  Prompting  System;  at  each  level 
(branch)  in  the  Prompting  System  the  user  is  shown  a  "menu"  of  the  various  paths 
that  may  be  taken. 

One  of  the  desirable  features  of  the  "menu"  is  that  it  includes  an  "instruction 
session"  at  the  various  levels.  This  session  allows  new  users  to  see  precisely  what 
prompting  questions  are  asked  by  the  programs  so  they  will  be  prepared  to  respond 
correctly;  the  trained  user  can  bypass  these  instructions  and  immediately  give  the 
proper  response  to  the  Prompting  System.  Upon  selection  of  a  path  (category, 
subcategory,  function — see  fig.  3),  the  user's  account  number  and  initials  are 
validated  to  ensure  that  the  user  is  authorized  to  take  this  path  (i.e.,  data  base 
maintenance  in  figure  3  is  only  valid  for  the  Data  Base  Maintenance  Group).  Many 
users  are  allowed  to  reach  the  lowest  level  (function  level)  for  particular  categories, 
but  only  one  user  is  authorized  to  perform  the  final  data  entry  function  in  each  of 
the  input  categories.  This  gives  control  of  the  entry  to  the  area  responsible  for  a 
particular  data  type.  The  final  responsibility  is  delegated  to  one  person  in  each 
area,  enabling  NGS  to  protect  the  integrity  of  its  data. 

Since  data  entry  is  performed  by  many  different  areas  another  subtle  problem 
exists,  namely,  the  control  of  entries  by  several  users..  This  problem  may  sound 
like  "simple  concurrency,"  but  in  the  NGS  data  base  environment  it  is  very 
important  to  control  inputs.  Actually  there  are  two  aspects  of  the  data  base 
environment  concerned  with  multiple  entry.  The  first  is  the  more  common  problem 
associated  with  backup  and  recovery.  It  can  best  be  explained  in  this  scenario. 

Backup  and  Recovery  Problem 

Following  the  "time  path"  shown  in  figure  4,  user  "A"  inputs  a  data  base 
entry  job.  Later,  as  shown  along  the  time  path,  analysis  is  performed  on  the  entry 
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job  submitted  by  user  "A."  This  illustration  shows  that  an  error  occurred  which 
"clobbered"  (damaged)  the  data  base;  the  data  base  had  to  be  restored.  The  time 
path  shows  that  the  data  base  is  restored,  and  user  "A"  can  begin  the  entry  cycle 
again.  It  can  be  assumed  that  user  "A"  resolves  the  error  prior  to  reentry,  even 
though  it  is  not  shown  on  the  time  path. 

Examination  of  the  time  path  (see  fig.  4)  again  shows  another  user;  user  "B" 
is  also  entering  data  in  the  same  time  cycle  as  user  "A."  "A"  is  unaware  of  "B." 
Figure  4  shows  a  data  entry  job  for  "B"  occurring  after  "A."  Let  us  assume  that 
"B"  gets  his  job  back  and  it  is  good.  Since  "B"  was  happy  with  the  results,  the 
user  backed  up  the  data  base  and  congratulated  himself  on  a  job  well  done. 
Months  later,  as  shown  in  the  time  path  (fig.  4),  "B"  wants  to  use  some  data  from 
the  job  entered  some  time  ago.  So  "B"  submits  a  job  to  retrieve  the  data  from  the 
data  base;  when  "B"  gets  the  retrieval  job  back,  the  discovery  is  made  that  the 
data  are  not  there.  "What  happened?"  (See  fig.  4.) 

"A"  and  "B"  were  unaware  that  anyone  else  was  entering  data  into  the  data 
base.  A  closer  look  at  the  "time  path"  (fig.  4)  shows  that  although  "B"  had  good 
results,  "A"  wiped  out  any  trace  of  "B"  entering  any  data.  This  occurred  when 
"A"  had  the  data  base  restored;  "B",  none  the  wiser,  backed  up  the  data  base 
after  his  entry.  "B"  was  actually  making  a  duplicate  of  the  backup  used  by  "A"  to 
restore  the  data  base. 

The  reader  should  study  figure  4  and  the  scenario  given  to  fully  appreciate  the 
seriousness  of  the  problem.  Imagine  the  complexity  if  there  were  "N"  users. 

The  problem  is  solved  by  eliminating  multiple  users  for  entry.  This  is  handled 
by  implementing  a  locking  system  (see  fig.  5)  for  data  base  entry.  This  "master 
lock"  allows  entry  to  be  done  by  one  user  at  a  time.  One  of  the  functions  of  the 
entry  Prompting  System  is  to  check  to  see  if  the  "master  lock"  is  "on."  If  the  lock 
is  "on,"  then  the  new  user  is  informed  the  data  base  is  in  use.  If  the  lock  is  "off," 
the  new  user  will  be  granted  access  to  the  data  base  and  the  "master  lock"  is 
automatically  turned  on  until  the  data  base  backup  is  made,  at  which  time  it  will 
be  turned  off  (unlocked).  This  way,  if  a  "restore"  is  required,  no  data  are  lost. 

The  second  problem  with  multiuser  entry  is  delayed  entry  of  the  same  data 
type.  The  problem  differs  from  one  data  type  to  another  and  depends  on  how  each 
data  base  entry  system  handles  the  matching  and  entry  phase.  The  following 
example  is  demonstrated. 

The  positional  data  entry,  as  described  earlier,  compares  the  entry  data 
against  the  data  base  data  within  a  local  area.  A  problem  arises,  in  this  case,  when 
one  group  of  data  is  ready  for  entry  and  another  group  of  data  is  being  matched. 
The  second  group  of  data  could  require  data  base  data  from  the  first  group,  which 
was  ready  for  entry,  but  not  entered.  The  result  would  be  that  less  data  base  data 
would  be  available  for  matching  with  the  second  group  of  data.  This  would  allow 
common  points  to  be  entered  into  the  data  base,  thus  resulting  in  one  station  with 
two  QID/QSNs — a  gross  error.  The  solution  to  this  problem  was  again  a  "lockout" 
procedure  (see  fig.  6)  dependent  on  data  type.  A  lockout  is  placed  on  preentry  if  a 
previous  job  of  the  same  data  type  has  not  completed  the  entire  entry  process. 
This  second  lock  is  also  removed  when  the  data  base  backup  has  been  completed. 

NOTE:  It  should  be  understood  that  these  lockouts  only  control  data  entry  and 
have  no  effect  on  normal  retrieval  applications. 
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FIGURE  4. — Problems  associated  with  multiple  data  base  entries  within  the  entry  cycle. 
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Currently  the  editing,  validation,  preentry  matching,  and  data  base  entry 
software  for  the  positional  data  have  been  completed.  Most  of  the  positional  data 
have  been  edited,  matched,  and  entered  into  the  data  base.  The  software  to 
retrieve  positional  data  by  areas  is  complete  and  has  been  in  production  for  some 
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time.  Software  to  retrieve  positional  data  in  a  variety  of  formats  has  been  written, 
but  is  not  yet  in  full  production. 

Programs  have  been  written  for  astronomic  data  matching,  entry,  retrieval, 
and  deletion.  This  system  of  programs  was  recently  placed  in  production. 
Astronomic  data  are  being  loaded  at  this  time. 

The  software  to  match,  enter,  and  retrieve  publication  data  (point  data  in 
publication  format)  is  now  being  developed.  The  matching  and  entry  software  has 
been  completed  and  is  in  the  early  stage  of  production.  The  software  for  data  base 
retrieval  of  publication  data  is  being  written.  Completion  is  expected  by  mid-1978. 

DBMS   applications   involving   the   horizontal   observation   system   are   being 
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evaluated.  Specifications  for  the  horizontal  data  entry  modules  are  being  written. 
Software  to  retrieve  data  for  the  undulation  of  the  geoid  computation  are  written, 
but  cannot  be  placed  in  production  until  other  data  types  are  loaded. 

In  addition  to  the  necessary  software  required  to  enter  the  various  different 
data  types,  much  of  the  DBMS  has  been  written.  The  software  to  create,  build, 
and  update  the  directory,  index,  and  other  tables  has  been  completed.  The  DBMS 
and  Activities  Reporting  System  have  been  partially  completed.  The  Prompting 
System  is  complete  for  those  entry  applications  which  are  in  production;  many 
retrieval  applications  are  also  completed  in  this  system.  In  addition,  the  DBMS  is 
implemented  into  the  Prompting  System  to  provide  the  user  assistance  group  an 
easier  method  of  data  base  maintenance. 

Conclusion 

The  NGS  data  base  is  being  implemented  primarily  as  a  tool  for  the  NAD 
1983  new  adjustment.  Because  the  processes  which  aid  the  new  adjustment 
control  the  implementation,  some  data  base  functions  (automatic  space  mainte- 
nance, automatic  recovery,  item  level  updates,  etc.)  may  be  delayed.  These 
planned  functions  will  not  be  pursued  until  they  are  needed  for  the  new  adjustment 
or  until  adequate  resources  are  available.  The  primary  goal  of  the  data  base  is  to 
service  the  new  adjustment,  and  that  goal  must  be  met. 

Discussion 

Tscherning:  Do  you  keep  a  transaction  file  of  the  commands  issued  for  the  base  and  a  record  of  what 
was  done  in  the  past? 

Alger:  Yes,  our  transaction  file  gives  dates  and  information  about  each  transaction.  In  addition,  we  keep 
the  data  base  updates  in  an  historical  data  file  (discussed  in  the  next  paper  by  Love  and  Drosdak).  We 
also  save  the  retrievals.  At  present  the  software  has  not  been  written  from  that  particular  point.  We  can 
analyze  the  transaction  tape  and  know  the  updated  data  base  areas.  So  we  are  taking  check  points. 

Tscherning:  How  is  an  update  in  one  file  carried  through  to  another,  i.e.,  how  is  cross-correlation 
secured?  (For  example,  where  a  vertical  data  base  is  updated  and  the  vertical  and  updated  information 
must  then  be  carried  into  the  gravity  data  base.) 

Alger:  This  is  a  policy  decision  and  that  stage  hasn't  been  reached  yet. 

Poder:  What  happens  to  the  magnetic  tapes  once  the  data  base  is  updated? 

Alger:  They  are  kept  indefinitely  to  trace  all  transactions  to  their  origin. 
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Abstract:  Beginning  in  November  1976  and  continuing  through  mid- 
1978,  the  geographic  coordinates,  best  available  elevations,  and  other 
closely  related  positional  information  for  about  200,000  horizontal  geodetic 
control  stations  were  entered  into  the  National  Geodetic  Survey  control 
data  base.  These  data,  as  initial  input  into  the  data  base,  will  serve  as  the 
foundation  upon  which  all  other  horizontal  publication  files  will  be 
entered,  retrieved,  and  maintained.  The  process  of  digitizing,  validating, 
and  entering  these  positional  data  are  discussed.  Procedures  are  defined 
to  update  the  positional  data  as  new  survey  projects  are  processed  and  to 
revise  existing  data  with  foremost  consideration  to  the  security  of 
historical  archives. 

Introduction 

The  first  geodetic  data  to  be  stored  in  the  National  Geodetic  Survey's  (NGS) 
data  base  in  support  of  the  New  Adjustment  of  the  North  American  Datum  were 
positional  data — station  coordinates  including  best  available  elevations.  The  data 
were  loaded  first  to  establish  a  reference  system  to  which  all  other  data  elements 
could  be  correlated,  thus  enabling  them  to  be  entered,  retrieved,  and  maintained 
within  the  data  base.  Other  data  elements  include  all  observational  data, 
astronomic  results,  station  descriptions,  and  recovery  notes.  (See  fig.  1.) 

In  addition  to  the  station  coordinates,  other  associated  information  was 
entered  with  the  coordinates.  These  data  were  already  available  in  computer- 
readable  form  in  support  of  the  semiautomated  publication  of  horizontal  control  on 
the  NAD  1927  by  NGS.  To  understand  why  certain  data  were  included  with  the 
positions,  the  following  publication  background  is  presented.  The  additional 
information  required  the  development  of  more  sophisticated  data  verification 
software  than  would  have  been  necessary  if  only  the  coordinates  had  been  loaded. 

Publication  on  NAD  1927 

The  National  Geodetic  Information  Center  (NGIC)  is  responsible  for  preparing 
and  publishing  the  horizontal  control  data  of  the  national  geodetic  network.  Prior 
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to  mid-1973,  the  process  of  ''preparing  for  publication"  consisted  of  maintaining  a 
totally  manual  master  file  system. 

Since  the  early  1930's,  this  system  was  maintained  by  the  preparation  of 
separate  sheets  containing  geographic  positions,  plane  coordinates,  descriptions, 
and  recovery  notes  for  each  horizontal  control  station  in  the  network.  These  data 
were  organized  by  route  of  survey  or  by  a  specific  area,  usually  defined  by  political 
boundries,  mainly  State  or  county.  These  separate  sheets  were  known  as  'iithos,< 
(lithographs).  Prior  to  the  early  thirties,  these  data  were  published  in  bound 
volumes  identified  by  States.  A^ comprehensive  description  of  the  publication  of 
horizontal  control  is  given  by  (Dracup  1976:  5-21). 

A  gradual  conversion  of  publishing  horizontal  control  data,  both  positional  and 
descriptive,  from  a  purely  political  format  to  the  present  method  based  on 
geographic  area,  began  in  1950.  The  basic  unit  of  the  geographic  system  or  quad 
format,  as  it  is  known  today,  is  a  30'  by  30'  quadrangle.  This  format  conversion, 
which  started  as  a  completely  manual  effort,  will  be  completed  during  the  early 
part  of  1979. 

In  1973,  in  support  of  automating  the  publications  by  quad,  the  first  data 
placed  into  machine-readable  form  were  the  positional  data  and  associated 
information.  These  data  consisted  of  the  results  from  projects  previously  adjusted 
by  NGS  within  that  period.  During  the  latter  part  of  1973  and  the  early  part  of 
1974,  about  200,000  horizontal  control  stations  in  the  conterminous  United  States, 
Alaska,  Hawaii,  and  Puerto  Rico  were  keypunched  and  stored  on  magnetic  tape. 
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In  1975,  when  the  design  for  the  Data  Base  Management  System  (DBMS)  in 
support  of  the  New  Adjustment  of  North  American  Datum  was  formalized  (Alger 
1975),  the  adjusted  NAD  1927  positions  were  available  in  computer-readable  form. 
Entry  of  these  data  into  the  data  base  began  November  1976  and  has  now  been 
completed  for  the  conterminous  United  States.  In  addition,  similar  positional  data 
for  Alaska  and  for  newly  adjusted  projects  are  being  entered  into  the  data  base  as 
they  become  available  for  publication.  There  are  about  20,000  stations  in  this 
category  of  which  20  percent  have  been  entered  and  the  remainder  should  be 
entered  by  mid-1978. 

The  steps  leading  up  to  data  base  entry  and  the  actual  procedure  for  entering 
these  data  in  the  data  base  logically  fall  into  three  distinct  groups:  phase  I — 
digitization,  phase  II — preentry,  and  phase  III — data  base  entry. 

Phase  I — Digitization 

The  creation  of  the  automation  process  for  horizontal  control  positional  data 
and  the  origin  of  the  source  material  were  discussed  in  the  preceding  section.  To 
uniquely  designate  each  station,  the  old  format  (lithos  and  State  volume  data 
sheets)  source  documents  were  compiled  into  "job"  areas.  A  job  consisted  of  about 
500  horizontal  control  points.  The  newer  quad  format  material  was  compiled  into 
jobs  defined  by  a  1°  by  2°  geodetic  diagram  area.  Each  job  was  assigned  an 
alphanumeric  two-character  code;  stations  within  a  job  were  sequentially  assigned 
a  three-digit  number  prefixed  by  the  job  code.  The  source  material  was  coded  with 
this  five-character  code  using  a  number  stamping  machine. 

Elevations  were  scaled  from  71/2-minute  topographic  sheets  for  marked  points 
that  did  not  have  surveyed  elevations.  Station  names  for  intersection  points  were 
edited  to  a  30-character  field.  Checks  were  made  on  State  name  and  geodetic 
azimuth  marks.  The  old  format  lithos  also  required  the  researching  and  addition  of 
the  State  plane  coordinate  zone  codes.  All  documents  were  then  checked  for 
completeness  and  clarity. 

The  basic  data  digitized  for  each  station  partially  filled  three  cards  (identified 
as  type  1,  2,  or  3)  and  included:  several  identifying  numbers  or  codes  besides  the 
job  number,  station  name,  geographic  position,  elevation,  state  plane  coordinate 
zone  code,  survey  order  and  type  of  station,  azimuth  mark  name(s),  geodetic 
azimuth(s),  year  established,  and  the  year  adjusted. 

The  keying  was  performed  by  NGIC  on  IBM  026  and  IBM  029  keypunch 
machines.  Drum  cards  were  used  to  speed  the  keying  of  the  data.  All  cards  of  one 
type  for  a  job  were  keyed  and  verified.  They  were  then  sent  to  the  CDC  6600 
computer  site  in  Suitland,  Md.,  for  loading  onto  magnetic  tape. 

Output  of  the  card-to-tape  run  consisted  of  the  creation  of  a  seven-track 
magnetic  tape  and  a  printout  listing  of  the  data  by  job.  The  printout  listing  was 
then  given  a  manual  visual  check  to  ensure  that  the  data  were  properly  keyed. 
Updates  were  performed  at  this  time  through  a  series  of  programs  developed  by 
the  Systems  Development  Division  of  NGS. 

The  forementioned  tasks  were  fairly  straightforward;  however,  it  was  a 
formidable  undertaking  because  of  the  large  volume  of  data  processed  and  the 
various  "standard"  formats  of  source  material.  About  300  boxes  of  Hollerith  coded 
cards  were  punched  from  the  source  material.  The  review  and  research  of  this 
source  material  demanded  a  considerable  measure  of  geodetic  expertise. 
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The  abbreviated  workflow  of  the  phase  I  operation  is  shown  in  figure  2. 

Phase  II — Preentry 

The  second  phase  in  the  processing  of  the  horizontal  control  positional  data 
began  in  November  1976  and  continued  throughout  1977.  The  source  data  for  this 
initial  entry  into  the  data  base  were  the  horizontal  control  positional  data  which 
were  stored  on  magnetic  tapes  at  the  conclusion  of  phase  I. 

The  first  step  in  phase  II  involved  dividing  the  data  into  data  sets  of  about 
3,000  horizontal  control  stations.  These  data  sets  were  written  on  a  direct  access 
device.  Each  data  set  was  then  processed  through  two  edit  programs  to  ensure 
data  integrity. 

The  edit  programs  validated  the  contents  of  the  data  fields  and  reformatted  or 


/  PREP  Of\ 
/     SOURCE     \ 
\  DOCUMENTS/ 


KEY 

AND 

VERIFY 

CARDS 


FIGURE  2. — Basic  system  (low  chart,  phase  I. 
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recoded  the  contents  to  conform  to  the  standards  prepared  by  NGS.  These 
standards  are  entitled  the  "Input  Formats  and  Specifications  for  the  NGS  Data 
Base,"  portions  of  which  have  been  distributed  in  preprint  form.  Briefly,  most  of 
the  data  fields  were  checked  for  completeness  including  checks  for  allowable 
number  of  embedded  blanks  within  a  field,  whether  or  not  a  field  was  properly 
right  or  left  justified,  and  whether  the  value  keyed  was  within  the  range  of  valid 
data. 

An  example  would  be  the  check  performed  on  the  four-character  field  for  year 
of  adjustment.  That  field  is  checked  for  numeric  data  between  1926  and  1980. 
Also,  the  year  of  adjustment  must  be  greater  than  or  at  least  equal  to  the  year  the 
station  was  established.  A  minimum  of  58  data  fields  were  validated  per  station. 

When  errors  were  discovered  during  the  edits,  they  had  to  be  resolved  through 
a  manual  search  of  the  original  source  documents,  archives,  and,  if  necessary,  the 
observation  files.  Each  error  was  then  corrected  in  the  original  data  set  using  the 
text  editing  program  WYLBUR.  After  corrections  were  made,  the  data  set  was 
again  run  through  the  edit  programs  until  a  run  was  made  without  detectable 
errors. 

The  abbreviated  workflow  of  the  phase  II  operation  is  shown  in  figure  3. 

Phase  III — Data  Base  Entry 

A  data  set,  which  successfully  ran  through  the  two  preentry  programs,  was 
considered  validated  and  ready  to  be  processed  through  the  data  base  entry  series 
of  programs  or  phase  III. 

Data  entry  is  accomplished  by  using  LOADGO  macros  developed  by  the 
System  Development  Division  of  NGS.  The  information  entered  into  the  data  base 
for  each  horizontal  control  station  consists  of  the  "clean'*  updated  data  sets  from 
phase  II.  In  the  entry  process,  the  data  are  purged  for  duplication,  reorganized 
into  7V2-minute  quads,  and  stored  on  a  dual-density  direct  access  device. 

The  first  program  in  this  phase  defines  the  area  boundaries  of  the  data 
contained  in  the  input  data  set. 

The  second  program  is  a  preentry  matching  program  which  first  compares  the 
coordinates  of  stations  in  the  input  data  set  against  the  coordinates  of  the  stations 
already  residing  in  the  data  base  region  as  defined  by  the  first  program.  Also,  a 
comparison  is  performed  between  the  coordinates  of  the  stations  within  the  input 
data  set.  The  applied  comparison  tolerance  criterion  is  0.3  second  of  arc.  Any 
stations  within  this  tolerance  limit  are  written  on  a  temporary  file  and  listed.  A 
manual  determination  must  then  be  made  by  reviewing  the  printout  and  source 
documents  to  determine  whether  to  enter  or  delete  a  particular  station  from  the 
input  data  set.  This  comparison  is  made  to  prevent  duplicate  stations  from  being 
entered  into  the  data  base.  Stations  which  do  not  match  with  other  stations  are 
passed  to  a  file  for  automatic  input  into  the  data  base.  At  this  point  these  stations 
are  considered  to  be  new  ones  and  suitable  for  publication. 

Using  update  directives  and  a  third  program,  the  stations  which  fall  within  the 
tolerance  limit  are  then  either  identified  as  a  new  station  for  input,  an  update  to  an 
existing  station,  a  station  to  be  deleted,  or  a  station  to  be  placed  in  the  history  file. 
Any  stations  which  were  acted  upon  because  they  fell  within  the  tolerance  limit 
are  added  to  the  end  of  the  file  for  automatic  input  which  was  created  by  the 
second  program. 
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FIGURE  3. — Basic  system  (low  chart,  phase  II. 


The  fourth  program  resorts  the  output  file  of  the  third  program  which 
identified  the  stations  as  being  new  inputs,  updates,  or  obsolete  (history  file).  This 
file  is  sorted  into  7V2-minute  quads  in  preparation  for  data  base  entry.  This  step  is 
necessary  only  if  update  directives  were  applied. 

The  fifth  program  enters  the  data,  which  now  temporarily  reside  in  the 
automatic  input  file,  into  the  data  base,  assigns  a  unique  identifier  to  new  stations, 
and  applies  the  update  to  existing  stations  within  the  data  base.  When  updates  are 
performed  to  a  station,  the  original  version  of  the  station  is  automatically  stored  in 
the  permanent  history  file.  The  data  are  now  completely  under  DBMS  control,  and 
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the  data  base  index  and  directory  are  automatically  revised  to  show  the  location  of 
the  data  within  the  data  base.  The  station's  unique  identifier  is  designated  QID/ 
QSN — Quad  Identifier  (QID)  and  a  Quad  Station  Number  (QSN).  Once  a  station  is 
assigned  its  QID/QSN  by  the  DBMS,  all  future  actions  to  that  station  will  be  made 
using  its  QID/QSN.  This  unique  identifier  will  be  used  by  the  DBMS  to  identify 
and  match  the  other  data  elements  (observations,  astronomic  positions,  descrip- 
tions, etc.)  when  they  are  entered  into  the  data  base. 

Upon  the  daily  completion  of  the  operations  within  phase  III,  an  automatic 
backup  system  is  initiated.  Those  portions  of  the  data  base  which  were  updated 
that  day  are  copied  to  magnetic  tape.  This  backup  allows  recreation  of  the  data 
base  should  system  failure  occur  during  future  execution  of  the  data  base  entry 
routines. 

The  basic  worl  flow  of  the  phase  III  operation  is  shown  in  figure  4. 


UPDATED 
DATA  SETS 


I 


BOUNDARY 
DEFINITION 


I 


MATCH 


I 


DATA  BASE 
ENTRY 


I 


DATA  BASE 
STORAGE 


FIGURE  4. — Basic  system  flow  chart,  phase 
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Data  Maintenance 

When  the  DBMS  becomes  operational,  the  most  obvious  change  in  the 
publication  of  positional  data  will  be  in  format.  The  most  beneficial  change  though 
should  be  the  timeliness  with  which  newly  established  horizontal  control  is 
published  and  existing  control  is  revised. 

The  procedure  for  processing  new  field  surveys  by  NGS  ensures  that  data  for 
publication  will  meet  the  NGS  data  base  standards.  Immediately  after  a  horizontal 
control  project  is  processed  and  adjusted,  the  computed  results  are  edited  as 
described  in  phase  II.  New  stations  could  then  be  immediately  entered  into  the 
data  base  by  following  the  procedures  in  phase  III. 

A  similar  procedure  is  followed  to  revise  positional  data  for  a  station  which 
already  resides  in  the  data  base.  During  phase  III,  the  directive  for  updating  is 
used  instead  of  the  one  for  new  input  which  would  be  used  for  a  new  station.  File 
maintenance  requires  that  a  station  be  referenced  by  its  previously  assigned  QID/ 
QSN. 

Once  the  revised  information  is  secure  in  the  data  base,  all  previously  entered 
information  concerning  the  station  is  stored  in  the  automated  history  file  which 
resides  off-line.  The  history  file  provides  a  chronological  record  of  a  station.  This 
history  record  is  maintained  in  order  that  NGS  can  respond  to  inquiries  concerning 
legal  issues. 

Ideally,  updating  the  position  data  immediately  upon  completion  of  final 
adjustment  in  a  real-time  environment  is  desirable,  but  it  may  not  be  practical. 
The  data  migration  design  of  the  DBMS  will  allow  real-time  operation;  but  even 
though  the  data  will  meet  the  criteria  of  the  edit  programs,  human  intervention  will 
probably  always  be  required  for  final  control  of  quality  and  completeness  before 
publication.  Also,  it  will  be  more  economical  to  update  by  defined  geographic  areas 
on  a  scheduled  basis.  The  frequency  with  which  an  area  is  updated  depends  on 
the  activity  in  the  area. 

Data  Retrieval 

The  query  language  (Alger  1975)  is  not  yet  implemented  for  production  use. 
Upon  implementation,  the  user  within  NGS  will  retrieve  position  data  using 
internal  index  keys.  It  will  not  be  apparent  to  the  user  that  the  data  base  is 
organized  in  a  71/2-minute  quad  system.  Examples  of  types  of  retrievals  will  be, 
but  are  not  limited  to,  political  areas  (State,  county),  survey  order  and  class,  or 
project  number. 

Retrievals  against  the  data  base  now  are  made  by  specifying  latitude  and 
longitude  limits.  This  retrieval  system  satisfies  most  immediate  requirements.  This 
interim  service  will  continue  while  the  DBMS  continues  development  and  imple- 
mentation. Limited  reformatting  of  the  data  is  available,  but  most  users  accept  the 
data  in  their  input  card  image  form  and  reformat  to  their  specifications. 

Most  requests  for  automated  data  have  been  for  data  on  magnetic  tape 
medium.  A  large  number  of  requestors  are  petroleum  companies  who  require  a 
geographic  framework  on  which  to  build  data  bases  of  natural  resource  inventories. 
Requests  of  this  type  of  application  are  expected  to  increase.  Additional  data 
formats  will  probably  be  necessary  as  more  requests  are  received  by  NGIC, 
including  microform  or  hard  copy  listing  of  selected  data. 
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It  is  anticipated  that  a  large  number  of  land  surveyors  will  desire  these 
products  once  they  are  aware  of  the  NGS  computer-generated  items  (Spencer 
1976).  Eventually,  the  present  horizontal  control  data  sheets  published  by  NGS  will 
be  replaced  by  computer-generated  sheets.  This  will  be  accomplished  gradually  as 
the  station  descriptions  are  digitized  and  entered  into  the  data  base.  The  results  of 
the  NAD  1983  adjustment  will  be  published  in  the  automated  form. 

An  important  objective  has  been  reached  with  the  entry  of  the  horizontal 
position  data  into  the  data  base.  This  portion  of  the  data  base  was  established 
primarily  to  support  the  New  Adjustment  of  the  North  American  Datum;  however, 
its  utility  is  immediate  to  users  who  require  geodetic  position  data  in  computer- 
readable  form. 
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Abstract:  The  establishment  of  an  integrated  geodetic  data  base  in  the 
National  Geodetic  Survey  (NGS)  of  the  National  Ocean  Survey  (NOS) 
requires  the  recognition  of  station  names  of  collocated  triangulation  and 
astronomic  observing  stations  prior  to  entry  into  the  data  base.  It  is  highly 
desirable  that  the  process  be  automated,  because  of  the  large  number  of 
station  names  that  need  to  be  compared  and  identified.  Difficulties  in 
automated  identification  are  caused  by  abbreviations  and  various  quali- 
fiers in  station  names.  A  rigorous  system  would  be  cost-prohibitive,  but 
experiments  with  correlation  analysis  techniques  indicate  that  an  effective 
semiautomated  system  would  reduce  the  human  effort  by  80  percent. 
Experience  with  real  data  has  verified  the  value  of  the  technique  in 
practical  applications,  and  it  has  been  adopted  by  NGS. 


Introduction 

An  early  decision  in  the  design  of  the  integrated  geodetic  data  base  of  the 
National  Geodetic  Survey,  NOS,  specified  that  all  information  contributing  to  the 
definition  of  horizontal  positions  of  triangulation  stations  would  be  stored  and 
maintained  in  the  data  bank  for  horizontal  stations.  Since  in  the  past  astronomic, 
Doppler,  and  triangulation  stations  have  been  identified  by  station  names,  the 
problems  arose  in  recognizing  collocated  stations  by  station  names.  The  recognition 
of  Doppler  stations  did  not  pose  a  problem,  because  only  about  150  of  them  were 
established  and  could  be  matched  by  manual  process.  In  addition,  network  and 
Doppler  stations  have  well-defined  horizontal  positions  that  provide  sufficient 
information  in  most  cases,  to  ascertain  if  they  are  collocated  or  not.  However,  the 
problem  with  astronomic  stations  was  twofold.  First,  there  are  about  5,000 
astronomically  observed  stations  which  may  or  may  not  be  collocated  with  network 
stations.  Secondly,  at  more  than  one  third  of  the  astronomic  stations  either  latitude 
or  azimuth  or  both  were  observed  only.  In  addition,  azimuth  targets  are  identified 
by  station  name  and  observed  azimuth,  and  no  positional  information  is  available. 
Consequently,  collocation  of  astronomic  and  network  stations  can  be  ascertained 
primarily  by  matching  station  names. 
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Because  of  the  large  number  of  astronomic  stations,  it  would  be  desirable  to 
automate  the  matching  process  for  station  names.  However,  to  design  a  rigorous 
system  would  involve  many  variants  and  was  considered  either  impossible  or 
economically  unfeasible.  A  semiautomated  solution  to  the  problem  has  proven  to 
be  effective  in  reducing  human  effort  and  has  resulted  in  the  reduction  or 
elimination  of  blunders  in  the  manual  process. 


Problem  Definition 

The  automated  recognition  of  identical  or  dissimilar  objects  (codes)  are  well 
adaptable  to  digital  computers  if  the  decision  process  can  be  broken  down  to 
binary  operations,  i.e.,  to  true-false  decisions.  Therefore,  it  is  simple  to  establish 
the  identity  or  dissimilarity  of  two  objects  that  involve  only  binary  decisions.  The 
objects  are  either  the  same  or  different.  However,  to  measure  the  degree  of 
dissimilarity  is  not  as  simple,  especially  when  measures  of  significance  must  also 
be  considered.  The  problem  at  hand  may  be  summarized  as  follows: 

Recognize  differences  in  station  names  due  to: 

•  differences  in  correct  spelling, 

•  abbreviations, 

•  spelling  errors,  or 

•  qualifiers. 

An  attempt  to  duplicate  the  human  decision  process  in  the  digital  computer 
might  be  a  course  to  follow: 

1.  Comparison  of  two  objects. — This  is  a  binary  operation  in  its  simplest  form: 
the  objects  are  either  the  same  or  different. 

2.  Recognition  of  abbreviations. — These  are  identified/compared  with  a  dic- 
tionary (e.g.,  GEOD.  -  GEODETIC  -  GEODESY). 

3.  Significance  assignment. — Numeric  differences  are  significant:  nonnumeric 
may  not  be  (e.g.,  GEODETIC  STA.  1005,  GEODETIC  POS.  1006). 

ANALYSIS  OF  LOGICAL  DECISIONS  FOR  COMPUTER  APPLICATION 

1.  Comparison  of  Two  Objects 

The  digital  computer  is  well  suited  for  binary  operation.  The  length  of 
character  strings  and  their  exact  match  in  sequence  are  analyzed. 

2.  Recognition  of  Abbreviations 

Alinement 

The  recognition  of  abbreviations  could  be  achieved  by  successive  alinements 
of  parts: 

NATIONAL  GEODETIC    SURVEY 
NATIONAL  GEOD.  SURV. 

Recognition  could  be  enhanced  by  the  detection  of  special  characters  such 
as  periods  or  semicolons.  However,  this  is  a  cumbersome  process  which  could  lead 
into  complex  logic. 
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Dictionary 

Abbreviations  could  be  recognized  by  performing  alinement  and  then  compar- 
ing parts  to  a  computer-stored  dictionary.  This  process  would  require  a  large 
dictionary  and  might  result  in  time-consuming  searches.  The  process  would  fail  if 
the  dictionary  is  incomplete  or  it  may  become  inconclusive  when  the  abbreviation 
is  not  adequate: 


RECAP. 


Is  it— RECAPITULATION? 
Is  it— RECAPTURE? 


3.  Significance  Assignment 

Numbers  associated  with  station  names  can  be  well  detected  and  have  high 
significance: 

GEODETIC  STA.  1005 
GEODETIC  POS.  1006 
Although  the  change  in  one  numerical  character  represents  a  low  percentile, 
the  difference  is  very  significant  because  they  represent  different  station  names. 
However,  other  groups  of  characters  can  also  be  significant: 
GEODETIC  STATION  1005 
GEODETIC  STA.  1005  AZM.  MK. 

In  this  example,  the  abbreviation  STA.  is  totally  insignificant,  but  AZM.  MK. 
indicates  the  azimuth  mark  of  the  station  and  therefore  designates  a  separate 
station.  Generally,  qualifiers  (i.e.,  AZM.  MK.)  could  lead  to  many  choices  as  to 
what  is  significant  and  what  is  not.  They  could  only  be  resolved  by  a  dictionary  of 
significant  qualifiers.  The  dictionary  could  become  ever-expanding,  and  searches 
might  fail  when  the  entries  are  incomplete. 


SUMMARY 

The  task  of  duplicating  the  human  decision  process  in  the  digital  computer 
cannot  be  solved  rigorously.  Even  an  approximate  solution,  which  allows  provisions 
for  human  intervention  when  the  system  fails,  could  become  uneconomical  owing 
to  the  need  for  large  dictionaries  and  extensive  searches.  Therefore,  an  alternative 
approach  must  be  sought  to  the  automated  matching  of  astronomic  and  network 
station  names. 


Algorithms  for  the  Analysis  of  Time  Series 

The  analysis  of  time  series  has  a  rather  extensive  literature.  Covariance  and 
correlation  functions  have  been  used  successfully  to  analyze  stationary  time 
signals.  If  the  station  names  could  be  considered  as  such  signals,  these  techniques 
might  provide  useful  information  in  relating  station  names.  Figure  1  shows  some 
arbitrarily  selected  station  names  (still  stamped  on  station  marks)  and  associated 
signals.  Signal  (c)  was  obtained  by  the  purposeful  jumbling  of  characters  in  signal 
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FIGURE  1. — Station  name  signals. 
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(a);  The  signals  were  generated  by  assigning  the  following  numerical  values  to 
alphanumeric  characters: 


Values  Characters 


1-9  -&,•;:#  @  ' 

10-35  A,B,  C,  W,X,Y,Z 

36-45  1,2,3, 8,9,0 

The  auto-covariance  function  of  a  time  series  was  approximated  by  the 
convolution  integral: 


/: 


h(t)=    I   f(rf{t  -  ryh         fort  =  0,  1,  2 V. 

The  discrete  form  is: 


h  (r)  =  ^f(€)f(r-€)         forr  =  0,  1,  2,  3,  ...V. 

e=o 

Similarly,  the  cross-covariance  function  was  approximated  via  the  convolution 
integral  by  replacing  the  function/  (t—r)  by  a  second  time  series.  The  objective  to 
be  achieved  was  to  investigate  the  differences  between  the  auto-covariance  and 
cross-covariance  functions. 

The  auto-covariance  function  was  generated  by  the  "master  signal"  to  which 
a  match  was  sought.  The  cross-covariance  functions  were  then  obtained  via  the 
convolution  integral  of  the  master  signal  and  "match  signals,"  the  latter  being  any 
possible  candidate  matches. 

SIGNAL  AND  ALGORITHM  DEFINITIONS 

Define  the  master  signal  f{€)  for  £  =  1,  2,  ...  N  and  the  match  signal  g(k)  for 
k  =  1,  2,  ...M 

where  N  i  M 

Modify  signals/^)  and g{k)  to 

,      i=€  =1,2,.../V 


r;  - : 

{    0  ;  =  1,2,. .JV 

g  U)      \g(k)        j  =  k=N  +  1,N  +  2,...N  +  M. 

Find  the  auto-covariance  function  by 


a  (r)  =  J  /"  (0  *f  (n  -  [r-i])        for  r  =  J  ^  -  n 
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and  the  cross-covariance  function 

c(r)  =£/'(£)**>  -6-i])     for^J^" 

where  *  indicates  a  numerical  operation,  which  is  multiplication  in  this  case. 
By  definition:  a{r)  =  c{r)  =  0  for  r  =  0. 

COVARIANCE  FUNCTIONS  AREA  ANALYSIS 

The  most  significant  features  of  the  auto-covariance  function  (fig.  2a)  are  a 
well-defined  peak  and  symmetry  relative  to  the  peak. 

The  effect  of  misspelling,  which  was  limited  to  character  switches,  is 
displayed  on  the  cross-covariance  function  (fig.  2d)  as:  (1)  a  slight  change  in  shape 
occurs;  (2)  definite  peak  remains;  (3)  peak  remains  on  line  of  symmetry;  and  (4)  the 
value  of  integral  (area)  does  not  change. 

Abbreviations  of  differing  complexities  are  well  distinguishable  (figs.  3a,  36, 
3c)  by  the  following  characteristics:  (1)  The  peak  drifts  due  to  small  change;  (2)  the 
peak  may  disappear  when  the  abbreviation  is  more  extensive;  or  (3)  multiple  peaks 
may  appear  (ripple  effect). 

Since  there  was  no  significance  assigned  to  numeric  characters,  their  change 
is  not  pronounced  (figs.  26,  2c).  The  length  (M)  of  the  match  signal  has  a  dramatic 
effect  when  it  is  significantly  less  or  more  than  the  length  (N)  of  the  master  signal 
(figs.  36  and  46).  On  the  other  hand,  nonsimilar  station  names  of  nearly  the  same 
length  as  the  master  signal  (figs.  4a,  4c,  4>d)  could  produce  a  cross-covariance 
function,  which  is  very  similar  to  the  one  produced  by  a  slightly  abbreviated 
master  station  name.  This  can  make  the  interpretation  of  covariance  functions 
problematic. 

There  were  48  covariance  functions  analyzed.  A  summary  chart  (fig.  5)  shows 
the  integrated  areas  of  cross-covariance  functions  relative  to  the  integral  value  of 
the  auto-covariance  function.  The  most  significant  result  of  the  analysis  is  that 
spelling  errors  can  be  well  separated  from  abbreviations.  The  drift  of  the  values  of 
integrals  is  proportional  to  the  complexity  of  abbreviations,  but  abbreviations  as 
such  cannot  be  discerned  from  drifts  due  to  causes  other  than  abbreviations.  The 
same  conclusions  can  be  drawn  from  the  analyses  of  the  convolution  function  peak 
values  (y)  and  positions  {x). 

COVARIANCE  FUNCTIONS  DIFFERENCE  ANALYSIS 

In  this  experiment,  a  measure  of  the  deviations  of  the  auto-covariance  and 
cross-covariance  functions  was  developed.  It  was  achieved  by  differencing  the  two 
functions,  thus  the  "fit  error''  functions  were  obtained  (figs.  6  and  7): 

Ae(r)  =  a(r)  -  c(r)  for  r  =  l,  2,  ...N+M. 

Finally,  the  root  mean  square  (rms)  of  fit  errors  was  calculated  for  each  match 
signal.   This  value  was  a  convenient  measure  to  classify  the  complexity  of 
abbreviations  and  other  differences  in  station  names.  However,  the  calculation  of 
rms  fit  errors  did  not  resolve  the  problem  of  recognizing  nonsimilar  station  names 
of  nearly  the  same  length  as  the  master  signal. 
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FIGURE  2. — Auto-covariance  function  and  cross-covariance  functions  of  similar  station  names. 
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FIGURE  3. — Cross-covariance  functions  of  abl)reviations. 
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FIGURE  4. — Cross-covariance  functions  of  nonsimilar  station  names. 
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FIGURE  5. — Summary  of  covariance  function  analyzed. 
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Figure  6. — Fit-error  functions. 
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COVARIANCE  FUNCTIONS  SYMMETRY  ANALYSIS 

These  functions  (figs.  8  and  9)  were  obtained  by  folding  the  cross-covanance 
functions  around  the  ordinate  lines  of  the  peak  point  and  then  differencing  them. 
Thus  the  symmetry  error  functions  were  obtained: 

As(r)  =  c(p-r)  -  c(p+r)  for r  =  l,  2,  ...n 
p         -  coordinate  of  peak  points 
n         =  Min.  |p,  (M+N-p)]. 

The  analysis  of  the  symmetry  error  functions  did  not  shed  more  light  onto  the 
problem  of  recognizing  nonsimilar  station  names  of  nearly  the  same  length  as  the 
master  signal  either. 

SUMMARY 

The  technique  of  covariance  analysis  to  station  name  matching  is  easy  to 
implement  in  the  digital  computer  and  is  computationally  efficient.  It  is  effective  in 
making  distinctions  between  spelling  errors  and  abbreviations  and  is  also  helpful  in 
rating  abbreviations  of  different  complexities.  However,  it  neither  distinguishes 
between  significant  and  nonsignificant  changes  as  implemented,  nor  discerns 
dissimilarities  in  station  names  because  of  abbreviations  or  other  causes.  The 
limited  scope  of  the  project  did  not  justify  the  effort  to  develop  the  spectral  density 
functions  for  a  possible  resolution  of  the  problem. 

Convolution  Technique  With  Binary  Operator  as  Applied  to 
Name  Matching 

The  aim  of  this  experiment  was  to  develop  a  technique  that  would  readily 
recognize  different  station  names  irrespective  of  length  and  sequential  order  of 
parts  (words). 

The  algorithm  is  based  on  the  mechanism  of  convolution  computation,  but  the 
operation  of  multiplication  is  replaced  by  a  true-false  test: 

c  (r)  =  £/'  (i)  #g'  (n  -  [r-i])  for  r=J'  ^  "  " 

1=1 

The  "binary  convolution,"  signified  by  the  symbol,  #,  is  defined  in  the 
following  way: 


f  (i)#g'  (n  -  [r-i]) 


0         c(0) 

0  for/'(i)  +  g\n  -  [r-i]) 

1  f'{i)=g'(n  -  [r-i]). 


An  additional  condition  is 

c  (r)  =  0  when  £  /'  (i)  #  g'  (n  -  [r-i])  <  3. 

i=l 

This  condition  eliminates  the  undesirable  effects  of  conjunctions  AND,  OR 
and  prepositions  AT,  IN,  BY,  etc. 
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ANALYSIS  OF  BINARY  CONVOLUTIONS 

The  "cross-binary  convolutions"  are  represented  as  percentages  relative  to 
the  "auto-binary  convolution"  (fig.  10a)  of  the  master  signal  which  is,  of  course, 
100  percent.  The  auto-binary  convolution  function  appears  as  -a  binary  sample 
function  at  the  middle  of  the  2/V  interval. 

The  most  significant  features  of  cross-binary  convolutions  are  shown  in  figures 
10  through  13.  (1)  Misspelling  has  a  more  severe  effect  than  in  cross-covariance 
functions.  (2)  Abbreviations  cause  multiple  and  smaller  blips;  however,  the  total 
integrated  area  is  inversely  proportional  to  the  complexity  of  abbreviations.  (3)  The 
new  contribution  of  these  functions  to  name-matching  is  that  they  are  totally 
responsive  to  nonsimilarities  in  station  names  irrespective  to  the  number  of 
characters  or  sequential  order  of  groups  (words)  in  the  match  signal.  (4)  They  are 
not  responsive  to  significance  assignment  of  characters  as  implemented.  (5)  The 
separation  of  blips  could  indicate  abbreviations,  the  absence  of  qualifiers,  or 
change  in  the  sequential  order  of  words  in  the  match  signal. 

Conclusion  of  Name-Matching  Experiments 

The  combined  techniques  of  covariance  and  binary  convolution  analysis  can 
successfully  determine  station  name  similarities  and  dissimilarities  to  various 
degrees  caused  by  small  spelling  errors,  abbreviations,  different  sequential  order 
of  words,  or  varying  qualifiers. 

The  experiment  did  not  include  significance  testing,  which  could  be  imple- 
mented by  storing  a  dictionary  of  significant  qualifiers. 

The  procedure  of  automated  analysis  could  include  the  following  steps:  (1) 
Remove  special  characters  (period,  comma,  blanks)  to  limit  the  analysis  to 
meaningful  characters.  (2)  Test  exact  match  with  binary  convolution  or  select 
similar  station  names  with  the  same  algorithm;  similarity  is  based  on  a  threshold 
percentage  criterion  (i.e.,  15%-25%).  (3)  Separate  possible  misspelling  from 
abbreviations  and  order  the  latter  by  the  rms  of  fit  errors.  (4)  Prepare  the  ordered 
list  for  visual  scanning  and  match  selection. 

Implementation  of  Automated  Station  Name  Matching  at  NGS 

Some  objections  to  the  automated  name-matching  system  had  to  be  resolved 
before  the  technique  could  be  implemented  at  NGS.  Among  them  was  the  apparent 
ignoring  of  station  position  in  search  for  collocated  stations.  As  stated  in  the 
introduction,  a  large  percentage  of  the  astronomic  stations  and  all  the  azimuth 
targets  do  not  have  observed  astronomic  positions.  However,  approximate  positions 
were  determined  for  all  astronomic  stations  which  designate  general  areas  for  the 
search  of  possibly  collocated  geodetic  stations.  This  general  area  was  then 
extended  with  a  variable  radius  (5-15  arc  minutes)  for  the  search  of  geodetic 
stations,  which  could  be  azimuth  targets.  All  network  stations  within  this  area 
were  retrieved  from  the  data  base  for  matching. 

A  second  objection  proposed  sorting  the  station  names  alphabetically  to 
identify  matches.  This  approach  would  be  dangerous  to  follow  because  an  error  in 
spelling  or  just  a  change  in  the  first  alphabetic  character  could  remove  any 
otherwise  possible  matches  from  the  test. 
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Figure  10. — Auto-binary  convolution  function  and  cross-binary  convolution  functions  of  abbreviations. 
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Figure  11. — Cross-binary  convolution  (unctions  of  abbreviations 
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FIGURE  12. — Cross-binary  convolution  functions  of  non similar  and  similar  station  names. 
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FIGURE  13.  —Cross-binary  convolution  functions  of  nonsimiiar  station  names  and  summary  of  functions 

analyzed. 
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Looking  at  the  cost  of  developing,  coding,  and  implementing  such  a  system,  it 
was  suggested  that  the  task  has  a  limited  scope.  For  a  one-time  entry  of  astronomic 
stations  into  the  data  base,  a  purely  manual  system  would  suffice.  This  objection 
was  resolved  by  a  test  project,  which  has  shown  that  a  manual  system  would  be 
inadequate  in  meeting  the  schedules  of  the  New  Adjustment  of  the  North  American 
Datum  (NAD).  About  25  to  30  astronomic  stations  were  searched  and  identified  by 
researching  the  cahiers  in  a  1-week  period.  This  would  mean  that  the  entry  of  all 
astronomic  data  into  the  data  base  could  consume  nearly  3  staff-years. 

In  view  of  this  estimate,  a  decision  was  made  by  the  NAD  project  management 
to  implement  the  automated  system.  Practical  experiments  with  real  data  indicated 
that  misspelling  and  abbreviations  of  station  names  were  not  a  major  issue; 
therefore  it  was  adequate  to  implement  the  binary  convolution  function  into  the 
system.  It  was  somewhat  "tuned"  to  the  practical  application  by  adjusting  the 
minimum  match  count  as  a  function  of  number  of  characters  in  station  names. 
Any  matches  over  25  percent  are  kept  by  the  automated  system. 

The  system  has  been  operational  since  the  beginning  of  April.  The  three  New 
England  States  of  Maine,  New  Hampshire,  and  Vermont  were  selected  for  the  first 
production  project.  This  area  contained  101  astronomic  stations  and  30  azimuth 
targets.  The  automated  system  searched,  retrieved,  and  tested  4,879  geodetic 
stations  for  possible  matches.  Exact  matches  recognized  by  the  system  were  75 
station  names;  3  to  6  similar  station  names  were  selected  for  41  stations,  which 
were  then  matched  by  visual  scanning.  Thus  89  percent  of  the  astronomic  stations 
were  entered  into  the  data  base.  The  remaining  11  percent  did  not  have 
corresponding  geodetic  positions.  The  expended  processing  time  was  5  minutes 
and  45  seconds  on  the  IBM  360/158  model  computer. 

The  effectiveness  of  the  automated  system  lies  in  the  fact  that  it  searched  and 
tested  almost  5,000  geodetic  stations  in  a  few  minutes.  It  selected  3  to  6  similar 
station  names  out  of  150  to  200  geodetic  records  in  the  general  search  area  for 
those  stations  which  did  not  have  exact  matches.  It  was  a  simple  matter  then  to 
identify  the  corresponding  geodetic  stations  by  visual  scanning. 

In  view  of  these  performance  figures,  it  can  be  predicted  with  reasonable 
confidence  that  the  schedules  for  entering  the  astronomic  data  into  the  data  base 
in  support  of  the  NAD  adjustment  will  be  met. 
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Discussion 

Spencer:  How  long  did  it  take  to  develop  the  technique? 
Fury:  Seven  or  eight  months. 
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Abstract:  The  National  Geodetic  Survey  (NGS)  of  the  National  Ocean 
Survey  has  installed  remote  data  terminals  at  each  of  its  horizontal  field 
parties  to  provide  them  with  sophisticated  programming  techniques 
available  only  on  large  computers.  Thus,  field  parties  using  Terminal 
ENtry  COmmand  Language  (TENCOL)  statements  can  enter,  store,  and 
adjust  their  data,  and  verify  their  field  observations  prior  to  submitting 
the  data  to  NGS  headquarters.  The  key  to  this  system  is  the  party's  Field 
Data  Entry. 

Introduction 

The  National  Geodetic  Survey  has  several  horizontal  field  parties  continually 
moving  throughout  the  United  States  and  its  territories  performing  control  surveys. 
These  surveys  represent  a  group  of  stations  that  are  connected  by  observed 
distances,  directions,  azimuths,  and  vertical  angles.  In  the  execution  of  these 
surveys  each  station  to  some  extent  is  occupied  and  a  set  of  observations  made. 
The  extent  to  which  a  station  is  occupied  during  a  survey  will  determine  the  type 
of  data  entry  that  will  have  to  be  coded  into  the  terminal  system. 

Traditionally  NGS  field  parties  in  the  execution  of  their  project  assignments 
have  hand-recorded  their  observations  in  the  field  and  then  typed  a  final  list  or 
summary  the  next  day  or  at  a  later  date.  With  TENCOL  the  observations  are  still 
hand-recorded  in  the  field  by  the  observers,  but  instead  of  typing  a  final  list,  the 
observations  are  entered  onto  a  tape  cassette  using  the  terminal  to  prompt  the  user 
for  the  items.  At  this  point,  in  the  past  after  the  typed  lists  had  been  verified  or 
checked,  the  field  party  computer  would  hand  calculate  the  data  to  assure  its 
correctness.  However,  under  TENCOL  the  tape  cassette  is  transmitted  to  the  host 
computer  and  the  correctness  of  the  entries  is  verified  by  the  host  computer.  The 
execution  of  work  commands  against  the  stored  data  can  be  used  for  an  evaluation 
as  to  the  numerical  correctness  of  the  entered  data.  The  field  party  computer  must 
at  this  point  be  able  to  determine  whether  or  not  the  data  are  correct,  either  from 
the  user's  own  hand-computations  or  from  the  error  messages  returned  by  the  host 
computer  and  printed  on  the  terminal.  The  main  function  of  the  field  party 
computer  is  to  assure  that  all  project  work  is  completed  by  the  observers  and  that 
it  is  properly  entered  into  the  system.  TENCOL  commands  were  written  so  that 
the  data  could  be  entered  as  soon  as  the  observations  were  made.  However,  in 
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Figure  1. — STRNAM — Entry  of  station  name  data. 

some  cases  one  may  not  be  able  to  use  the  data  until  additional  information  has 
been  entered.  In  the  past  when  a  project  was  completed  by  a  field  party,  it  often 
took  several  months  before  the  final  summaries  were  typed  and  the  job  could  be 
forwarded  to  NGS.  TENCOL  allows  the  printing  of  these  final  summaries  and 
reports  to  be  generated  automatically. 

Field  Data  Entry 

The  terminal  system  supports  six  types  of  data  entry.  The  six  are  "station 
name  and  geographic  position"  data  (fig.  1),  "measured  distances"  (figs.  2,  3,  and 
4),  "horizontal  directions"  (fig.  5),  "astronomic  azimuths"  (fig.  6),  "differences  of 
elevation"  (figs.  7  and  8),  and  "descriptive  text"  (fig.  9).  To  facilitate  the  actual 
formating  of  these  TENCOL  statements  at  the  field  party  level,  NGS  has  installed 
Texas  Instrument  Silent  700  Model  742  data  terminals.  These  terminals  were 
programmed  to  prompt  the  user  entry  by  entry  for  each  data  item. 

The  terminal  system,  in  addition  to  supporting  the  six  types  of  data  entry,  has 
commands  to  perform  three  types  of  adjustments  namely,  station — ADJSTA, 
horizontal— ADJNET  (Whiting  and  Pope  1976),  and  vertical  angle— ADJZEN.  The 
field  parties  can  also  create  triangles  and,  as  the  network  progresses,  TENCOL 
commands  such  as  SIDECK,  QUADCK,  and  BASECK  can  compute  the  appropri- 
ate figure  and  length  checks.  And  last,  the  system  can  at  any  time  by  using 
commands  GETRAV  and  GETVRT  formulate  the  stored  data  into  data  sets  ready 
for  adjustment  by  NGS. 

The  basic  TENCOL  statement  structure  has  a  command  identifier,  data 
delimiting  parentheses,  and  the  actual  data  items.  Each  command  statement  starts 
with  a  six-letter  acronym  (Safford  et  al.  1976)  describing  the  type  of  data.  The  lines 
following  a  command  statement  are  preceded  by  six  blanks.  Then  following  the 
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Figure  2  —  DISTRM— Entry  of  reference  measurement  data. 
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FIGURE  3.— STREDM— Entry  of  electronic  distance  measurement  data. 

command  identifier,  the  TENCOL  parameter  statement  is  started  with  a  beginning 
parenthesis  in  column  7  and  ending  with  a  closing  parenthesis  following  the  end  of 
the  data.  All  data  to  be  entered  on  a  given  line  are  included  within  a  given  set  of 
parentheses.  Within  the  set  of  parentheses  the  actual  data  are  divided  into  two 
parts:  (1)  the  parameter  prompts  both  for  the  parameter  and  the  items  for  data 
entry,  or  (2)  the  prompts  are  printed  locally  by  the  data  terminal  for  the  user  and 
then  only  the  data  are  recorded  by  the  terminal. 

STRNAM  is  one  of  three  TENCOL  statements  used  to  initialize  station  names 
and  geographic  position  data  into  the  field's  current  working  file.  Each  new  name 
needed  by  the  field  party  is  assigned  a  unique  task  station  number.  This  number 
then  becomes  the  key  for  the  matching  of  all  data  that  is  to  follow.  The  other  two 
commands  STRPOS  and  STRELV  enter  the  station's  geographic  position,  i.e.,  the 
latitude  and  longitude,  and  the  station's  elevation  along  with  its  geiod  height. 

The  DISTRM  Command,  one  of  three  types  of  measured  distances,  enters 
reference  measurements  made  at  the  station  to  marks  and  objects  located  near  the 
station.  The  second  type  of  distance  data  entry  is  the  STREDM  Command.  This 
command  allows  entry  of  an  electronic  distance  measurement  into  the  system. 
Each  measurement  is  made  unique  by  the  assignment  of  a  unique  line  number  for 
each  distance  observation.  TAPEIT  is  used  to  enter  a  taped  base  line  or  short 
traverse  using  standardized  tapes. 

Data  entry  for  horizontal  directions  is  accomplished  by  using  the  HORABS 
Command.  This  command  makes  each  new  abstract  taken  at  the  occupied  station 
unique  by  the  assignment  of  different  abstract  numbers  for  each  occupation. 

The  ASTAZI  Command  is  used  to  enter  astronomic  azimuth  observations 
made  on  Polaris.   To   make  each  azimuth   observation   unique   it   is  assigned  an 
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Figure  4.— TAPEIT— Entry  of  precise  taped  distances. 
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=25,05,00.0 

=25,46,00.0 

=1»M=000,00 

=1,M=180,00 

=2,M=011,00 

=2,M=191,00 

=3»M=022,00 

=3«M=202,00 

=4,M=033,00 

=4,M=213,00 

=5»M=045,00 

=5,M=225,00 

=6»M=056,00 

=6»M=236,00 

=7,M=067,00 

=7,M=247,00 

=8,M=078,00 

=8,M=258,00 

=9,M=090,00 

=9»M=270,00 

=10,M=101,0 

=10,M=2Ol,0 

=ll,M= 112,0 

=11,M=292,0 

=12,M=123,0 

=12,M=303,0 

=  13,1^  =  135,0 

=l3tM=3l5,0 

=14,^=146,0 

=14,M=326,0 

=15,M=157.0 

=  15,,v,  =  337,0 

=  l6,ri=168,0 

=16,M=34n, 0 


0603, VOL= 
0 

6,CHRN=20 
0,CHT=23, 
0,CHT=25, 
0,CHT=25, 
,021. 10, S 
,017. 70, s 
,053. 10, S 
1 053'.  40,  S 
,084. 90, S 
,088. 20, S 
,110. 70, S 
,111. 20, S 
,018. 00, S 
,016. 00, S 
,047. 10, S 
,048. 50, s 
,070. 00,  S 
,069. 60, S 
,007. 00, S 
,093. 40, S 
,018. 20, S 
,017. 40, S 
0,047.60, 
0,046.20, 
0,076.10, 
0,072.50, 
0,101.00, 
0,099.20, 
0,011.50, 
0,009.60, 
0,059.40, 
0,060.00, 
0,086.50, 
0,083.60, 
0,107.30, 
0,100.00, 


3,ABS=27,DRN=2,INBR=52912,123»WX=1001) 
,ll»OHHRLZ) 

,h»oh»wwv) 
5554, bval=6. 879, freq=1 0.00) 

58,00.20,GCD=770603) 
05,00.00,GCD=770603) 
46,00.00,GCD=770603) 

=284,1Q,010.90,T=24,15,09.70,B=05.0  0  0,24.700) 
=104. 10, 029. 70, T=24, 16, 58. 10, 8=24.0  0 0,04. 10  0) 
=295, 12,0 15. 0  0,T=24, 21, 43. 70, 6=05.20  0,25. 0  00) 
=115,10,113.10,T=24,20,22.50,B=24.20  0,04.40  0) 
=306,12,111.50,T=24,26,03.10,B=05.30Q,25.100) 
=126, 14, 0  04. 50, T=24, 27, 30. 50, 8=23.90  0,04. 0  00) 
=317, 16, 025. 20, T=24, 35, 30. 10, 8=04.40  0,24. 100) 
=137, 16, 005. 10, T=24, 34, 26. 20, B=25. 0  00, 05. 000) 
=  32y,l4,M2.4  0,T  =  24,39,10.50,B  =  04.90  0,24.60  0) 
=149,14,119.80,T=24,40,10.50,B=25.0  0  0,05.100) 
=34  0,16,111.40,T=24,45,0  8.00,B=0  4.200,24.100) 
=160,16,084.30,T=24,43,49.8  0,B=25.30  0,05.50  0) 
=351,10,061.10,T=24,48,27.80,B=04.20  0,24.100) 
=17 1, 1 8, 0  69. 2 0,T=24, 49, 3 1.80, 8=25. 70 0,05. 90  0) 
=002,22,0  39.40,T=25,01,09.30,B=04.900«24.800) 
=182,22,015.00,T=25,0  0,10.40,B=24.90  0,04.90  0) 
=  0 14, 22, 093. 50, T  =  25, 09, 05. 80, 8  =  04. 50 0,24.  40  0) 
=194,22,103.0  0,T=25,10,13.30,B=24.500,04.40  0) 
S=025,24,086.60,T=25,14,15.10,B=04.80  0,24.70  0) 
S=20  5,24,061.20,T=25,13,08.70,B=24.900,04.80  0) 
S=036,26,044.2  0,T=25,17,11,6  0,B=0  4.8  0  0,25.70  0) 
S=21 6, 26, 050. 90, T=25, 18, 17. 10, 6=25.70  0,04. 80  0) 
S=047,28,025.6  0,T=25,2  2,04.50,B=05.00  0,2  5.100) 
S=227,26,118.8  0,T=25,2  0,58.4  0,B=2  5.0  0  0,04.90  0) 
S=0  5  9,26,10  4.90,T=25,2  5,18.0  0,B=04.40  0,24.30  0) 
S=239,26,116.30,T=25,2S,23.40,8=25.10  0,05.0  00) 
S=070,30,000,20,T=25,30,24,00,B=04,900,24.900) 
S=25 0,28, 094. 90, T=25, 2 9, 2 0.0 0,8=24. 9 0  0, 04. 90  0) 
S=081,30,096.80,T=25,34,33.60,B=04.500,24.400) 
S=26 1,30, 104. 40, T=25, 3 5, 37. 70, 8=24. 9 0  0, 04. 90  0) 
S=09?,32,087.00,T=2  5,39,49.30,B=04.700,24.500) 
S=272, 32, 053. 60, T=2 5, 33, 37. 10, 8=2 5. 000, 05. 000) 


FIGURE  6. — ASTAZI — Entry  of  an  astronomic  azimuth  observation. 
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2ENA3S(TSN=0220«DATE:=7S0  310iVOL=3«MEaSs4iINQH=1O561i123iWXs11) 
(JAMES  tlliMOtGMR) 

(BASE=Ol«355,CODE=6,Hl=0l.645,LP=0  0#0,M) 
(TlME,TSNS.KK,HT«OBvJ«T,DEGtNlN,SS.SiP) 
(180  0,0190,01,26.520,2,089,48,41.6,3) 
(180 7, 0225,01,01.385, 2 ,089,46,44, 3 ,3) 
( 18 11, 1)255,  01,17, 230,2  ,  089,40  ,1*2.5,  3) 
( 10*0  •  0270,  01,  21  •  6i+5,  2  i  089, 47  ,06  .9, 3) 

FIGURE  7. — ZENABS — Entry  of  a  vertical  angle  observation. 


unique  abstract  number  just  like  the  horizontal  observations  using  the  command 
HORABS. 

There  are  two  commands  for  differences  of  elevation  in  the  TENCOL  system: 
ZENABS  and  ELEVDF.  The  first,  ZENABS,  is  used  to  enter  zenith  distances  and 
angles  of  depression  or  elevation.  The  ELEVDF  Command  is  used  to  enter  an 
elevation  difference  between  two  stations  which  was  measured  directly  by  spirit 
leveling. 

A  description  is  a  detailed  document  giving  the  user  all  the  pertinent  data 
about  the  station.  In  the  body  of  the  descriptive  text  is  a  description  of  where  the 
station  is  located,  how  to  find  it,  what  marks  are  near  the  station  and  what  objects 
can  be  seen  from  the  station.  The  accepted  methods  of  writing  station  descriptions 
or  recovery  notes  are  explained  in  the  Manual  of  Geodetic  Triangulation  Special 
Publication  No.  247  (Gossett  1959:  115-125).  With  the  task  of  automating  all 
horizontal  station  descriptions,  NGS's  standardized  operations  have  improved.  The 
new  standard  that  is  being  used  by  NGS  field  parties  is  the  format  described  and 
illustrated  in  Input  Formats  and  Specifications  for  the  NGS  Data  Base  (NGS, 
1977:  Ch.  3,  1-44).  The  TENCOL  equivalent  to  this  forthcoming  publication  is  the 
HZTDES  Command.  The  HZTDES  Command  indicates  to  the  computer  that  a 
modified  description,  a  TENCOL  data  set,  is  to  follow.  These  specifications 
require  that  all  *30*  records  be  fully  entered.  Since  the  data  have  already  been 
entered  previously  by  coding  TENCOL  statements — such  as  STRNAM,  HORABS, 
and  DISTRM — these  data  can  be  recalled  and  inserted  automatically.  Therefore, 
by  using  the  modified  Input  Formats  and  Specifications  with  TSN  entries  for  those 
stations  to  be  entered,  the  *30*  records  can  be  generated  and  fully  expanded.  The 
remaining  narrative  descriptive  text,  the  *40*  records,  are  entered  as  per 
specifications  outlined  in  the  fothcoming  publication.  Then  at  the  conclusion  of  a 
given  field  project  and  before  the  data  are  removed  from  the  field's  active  storage 
an  edit  run  is  made  of  the  descriptive  text. 


ELEVDF(TSN=0  3'+8t3H^,rjATE  =  780  31l+iVOL  =  2»Mi:As  =  ltlNBR  =  1372H,253,WX  =  lo22) 
(BM    Q    7  ,39«M0,RLR) 

(BM    Q    7    TPT  »57«M0,JL0) 

(DIFF=-2.394,M) 

F.LEVDF(TSN  =  G35:,o352,DATE  =  78o3ltt,VOL  =  l,MLAS  =  l,IWDR  =  83l6e,123,WX  =  21) 

(CABOOL    AZ    MK  »17«M0,RKM) 

(CABOOl    AZ    M!<    TPT  ,57iM0,JL0) 

IDIFF=-0.416,M) 

FIGURE  8. — ELEVDF — Entry  for  difference  of  elevation  observation. 
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M2TOE:S(TSIIrl60,VOL  =  003)       NAME=PANIHER 

*10*1600  *ll*N390792  •12*OOOK  .13O04.J 

*14*PA'jTHER    »i5*MO/IIOWELL 

•20M/..J&S    *21*197flJL0    »22*SX0000    »23»1.6 

*30»      TSN=145 

*30*O08N  TSN=162 

*30*D0aR  TSN=161 

*30*O0»N  TSN  =  lf.3 

*30*L57   TSN  =  9 

»30*S$ 

*40*THE  STATION  IS  LOCATED  3  MILES  NORTH  OF  MOUNTAIN  VIEW.  9  1/2 

»40*MIL£S  SOUTH-SOUTHWEST  OF  SuMMERSV ILLE .  10  MILES  SOUTHEAST  OF 

*40*CLEAR  SPRINGS  IN  THE  NORTHEAST  1/4  OF  SECTION  3.  R  7  Mi 

*40«T  27  N. 

•  40*1 

*40*TO  REACH  THE  STATION  FROM  THE  JUNCTION  OF  COUNTY  ROAO  Y  ANO 

*40*U.S«  HIGHWAY  60  IN  THE  NORTH  PART  OF  MOUNTAIN  VIEW  GO  NORTH  ON 

*40*COUNTY  ROAO  Y  FOR  1.2  MILES  TO  WHERE  THE  PAVED  ROAO  TJRNS 

*40*LEFT,  CONTINUE  AHEAD  NORTHERLY 

»40*ON  A  GRAVEL  ROAD  FOR  1.35  MILES  TO  A  CROSSROAD. 

*40*TURN  RIGHT.  EASTERLY,  ON  GRAVEL  ROAO  FOR  0.9  MILE  TO 

»40«THE  STATION  ON  THE  RIGHT  AfjD  THE  GRAVEL  ROAD  TURNS  NORTHERLY. 

*40*TO  REACH  THE  REFERENCE  MARK  3  FRO'I  THE  STATION  CONTINUE 

*40*NORTHERLY  ON  THE  GRAVEL  ROaQ  FOR  0,25  MILE  TO  A  STONE  tlARN, 

*40*J'JST  SOUTH  OF  A  WHITE  HOUSE.  ON  THE  LEFT  ArgD  THE  REFERcNCE 

*40*MARK  3  AS  DESCRIBED. 

*40*S 

*40*THE  STATION  IS  A  STANDARD  fjGS  DISK 

«40*STAMPED PANTHER  1977 

*40«SET  INTO  THE  TOP  OF  A  CYLINDRICAL  CONCRETE  MONUMENT 

•40*12  INCHES  IN  DIAMETER  PROJECTING  4  INCHES  ABOVE  THE  GROUND       u  : 

»40*WITH  A  METAL  ROD  EMBEDDED  IN  THE  TOP.   LOCATED  I 

♦40*27  FEET  WEST  FROM  A  FENCE  CORNER. 

•40*23  FEET  SOUTH  FROM  THE  CENTER  OF  THE  GRAVEL  ROAD.  ANo 

*4U*<;.6  FEET  NORTH  FROM  A  META|_  WITnESS  POST  A.'jD  A  FENCE  LINE. 

*40*THE  UNDERGROUND  MARK  IS  STANDARD  NGS  DISK 

*40*STAMPED PANThER  1977 

*40*SET  INTO  AN  IRREGULAR  MASS  OF  COMCRETE  3.5  FEET  3ELOW  THE  SURFACE. 

*40*$ 

»40*REFERENCE  MARK  NO  1  IS  STANDARD  NGS  DISK 

»40*STAMPED PANTHER  NO  1  1977 

*40*SET  INTO  THE  TOP  OF  A  CYLINDRICAL  CONCRETE  MONUMENT 

•40*12  INCHES  IN  DIAMETER  FLUSH  WITH  THE  GROUND.   IT  IS 

•40*30  FEET  NORTHEAST  FROM  A  20-INCH  OAK  TREE, 

•40*20  FEET  NORTHWEST  FROM  THE  CENTER  OF  THE  GRAVEL  ROAD,  AND 

•40*5  FEET  SOUTHWEST  FROM  A  20-INCH  HICKORY  TREE. 

*40»S 

*40*REFERENCE  MARK  NO  2  IS  A  STANDARD  NGS  DISK 

*40*STAMPED PANTHER  NO  2  1977 

*40*SET  INTO  THE  TOP  A  CYLINDRICAL  CONCRETE  MONUMENT 

•40*12  INCHES  IN  DIAMETER  PROJECTING  1  INCH  ABOVE  THE  GROUND.   IT  IS 

•40*27  FEET  EAST  FROM  THE  CENTER  OF  THE  GRAVEL  ROAD. 

•40*17  FEET  NORTH  FROM  THE  CORNER  OF  AN  EAST-WEST  FENCELIkIE.  AND 

•40*2.6  FEET  WEST  FROM  A  METAL  WITNESS  POST. 

»40*S 

*40*REFERENCE  MARK  NO  3  IS  A  STANDARD  NGS  DISK 

*40*STAMPED PANTHER  NO  3  1977 

•40*SET  INTO  THE  TOP  OF  A  CYLINDRICAL  CONCRETE  MONUMENT 

*40*12  INCHES  IN  DIAMETER  FLUSH  WITH  THE  GROUND 

*40*WITH  A  METAL  ROD  EMBEDDED  IN  THE  MONUMENT.   IT  IS 

•  40*106  FEET  VjEST  FROM  THE  CENTER  OF  THE  GRAVEL  ROAD. 

•40*28  FEET  NORTH  FROM  THE  NORTHEAST  CORNER  OF  THE  STONE  BARN,  AND 

•40*2.5  FEET  SOUTH  OF  A  METAL  WITNESS  POST. 

•40*THE  UNDERGROUND  ^A«K  IS  A  STANDARD  NGS  DISK 

*40*STAMPED PANTHER  NO  3  1977 

*40«SET  INTO  AN  IRREGULAR  MASS  OF  CONCRETE  3.5  FEET  BELOW  THE  SURFACE. 


i_i 


S8-S-! 
Sisi 


3  O  C 


>40*THE  HEIGHT  OF  LIGHT  ADOVE  THE 

"40*S 

>40*DESCRIUED  DY  RONALD  L.  RAMSEY 


STATION  MARK  WAS  1.4  METERS. 


Figure  9. — HZTDES — Entry  of  station  descriptive  text. 


Most  of  the  items  entered  using  the  data  entry  commands  are  correct; 
however,  small  errors  are  not  found  until  the  computer  printouts  are  verified,  i.e., 
errors  such  as  the  wrong  volume  number,  observer's  initials,  etc.  Another  example 
might  be:  after  doing  some  calculations  with  the  data  an  error  of  a  wrong  minute  or 
transposed  number  may  be  detected.  Here,  the  commands  CHGABS,  CHGAST, 
CHGDST,  CHGLGH,  CHGZEN,  and  CHGDES  would  be  used  to  make  the 
changes  to  the  previously  stored  data. 


Summary 


The  data  entry  system  and  the  associated  library  of  computer  programs  to 
support  data  entry  have  passed  the  operational  phase  and  constitute  a  functional 
system  on  NGS  field  parties.  The  objectives,  automating  NGS  field  parties  and 
verification  of  field  data,  have  been  satisfied.  The  formatted  data  are  now  in 
machine-readable  form  and  have  been  verified  by  the  field  parties.  They  are  ready 
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for  processing  at  NGS.  Therefore,  no  time-consuming  effort  is  needed  to  code, 
key,  and  verify  the  data  at  NGS  before  processing  can  begin.  The  usefulness  of 
the  TENCOL  system  and  this  type  of  data  entry  are  increasing  more  and  more  as 
elements  of  NGS  begin  to  work  with  the  data  and  become  acquainted  with  these 
new  data  formts. 
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Discussion 

Tscherning:  Perhaps  the  stations  should  be  named  by  an  administrative  identifier. 

Safford:  I  agree,  but  it  was  done  this  way  in  the  past  and  I  cannot  change  it. 

Alger:  This  might  not  be  the  best  indicator  to  use  because  with  rapid  urban  development  administrative 
boundaries  change  frequently  in  the  United  States. 
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Introduction 

Space  age  instrumentation  has  dramatically  increased  the  accuracy  level  of 
surveying  measurements  and  computerization  permits  the  solution  of  networks  of 
equations  far  beyond  the  fondest  dreams  of  the  creators  of  our  present  system  of 
control  surveys.  With  this  increase  in  accuracy  and  computational  facility,  it  has 
become  necessary  to  reexamine  the  older  networks  of  survey  control  and  older 
concepts  of  the  geoid  and  related  datums  that  have  been  relied  upon  by  the 
engineering  and  scientific  community  for  the  past  50  years.  Social  changes  as  well 
contribute  to  a  need  for  further  examination  of  current  practices  and  a  need  for  an 
increased  tempo  in  planning  for  the  future.  Resource  inventory  and  evaluation 
based  on  an  accurately  compiled  set  of  compatible  but  special-purpose  maps  will 
be  vitally  important  to  each  community  and  to  the  total  national  welfare. 

A  control  system  first  designed  to  permit  the  mapping  of  the  coasts  for 
navigation  by  ships  must  now  be  updated  for  use  in  large  scale  (1:5000  to  1:250) 
mapping  and  full  scale  construction  staking  and  for  use  in  engineering  and 
scientific  studies  of  crustal  movements  and  landslide  phenomenon.  Also,  the 
United  States  is  going  to  S.I.  units. 

To  accommodate  these  factors  and  facilitate  these  goals,  the  National  Geodetic 
Survey  (NGS),  National  Ocean  Survey  (NOS),  and  the  National  Oceanic  and 
Atmospheric  Administration,  U.S.  Department  of  Commerce  are  working  toward 
the  adoption  of  the  1983  North  American  Datum. 

In  the  process  of  going  from  the  currently  used  North  American  Datum  of 
1927  to  the  1983  North  American  Datum,  existing  data  developed  by  local  agencies 
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throughout  the  United  States  will  have  to  be  evaluated  and  the  cost  of  inclusion 
carefully  weighed  against  the  cost  of  exclusion.  While  the  program  is  primarily  a 
Federal  activity,  a  portion  of  the  data  to  be  included  in  the  readjustment  will  come 
from  local  sources. 


Background 


UNITS  OF  MEASURE 


The  most  recently  adopted  standard,  the  meter,  was  adopted  by  the  General 
Conference  of  Weights  and  Measures  in  1960.  It  is  this  standard  that  has  brought 
about  the  distinction  between  the  U.S.  standard  foot  (1  inch  =  2.54  centimeters 
exactly)  and  the  U.S.  survey  foot  (=  12/39.37  meter  exactly). 

Da  turns 

The  first  Federal  control  surveys  in  California  were  made  in  the  early  1850's. 
In  a  portion  of  southern  California,  at  least,  these  surveys  were  related  to  a  local 
horizontal  datum  (the  Channel  Island  Datum)  based  on  the  Bessel  Spheroid  of 
1841.  (Note:  The  word  ''spheroid"  has  been  popularly  replaced  by  "ellipsoid." 
Ellipsoid  shall  be  used  throughout  the  remainder  of  this  paper,  except  in  reference 
to  the  California  law.) 

By  the  1920's,  additional  arcs  of  transcontinental  triangulation  had  been 
observed  and  difficulties  experienced  where  arcs  were  tied  together.  A  major 
readjustment  of  the  system  was  made  and  titled  the  "North  American  Datum  of 
1927."  In  making  the  new  adjustment,  no  provision  was  made  for  the  assignment 
of  1927  positions  to  stations  not  included  in  the  adjustment  itself  or  to  stations  of 
other  agencies.  Many  such  stations  not  included  in  the  readjustment  had  been 
established  and  adequately  monumented  by  the  U.S.  Geological  Survey. 

More  significant  to  work  in  California  was  the  effect  of  the  adjustment  phase 
of  the  work.  Apparent  displacements  ranging  from  1.5  feet  to  4.2  feet  and  varying 
in  direction  in  the  Los  Angeles  area  from  south  to  west-southwest  in  azimuth  were 
introduced. 

Measurement 

The  development  of  measurement  techniques  is  better  known  to  the  reader. 
The  weakest  element  of  the  early  surveys  was  in  the  measurement  of  distance. 
For  a  full  description  of  the  measurement  of  the  "YOLO"  and  "LOS  ANGELES" 
base  lines  that  provided  scale  control  for  the  triangulation  in  California,  the  reader 
is  referred  to  the  reports  to  the  Superintendent  of  the  Coast  and  Geodetic  Survey 
for  1882,  1883,  and  1904. 

Time 

The  measurement  of  time,  too,  has  undergone  major  advances  that  have  in 
turn  contributed  greatly  to  the  certainty  of  position  determinations. 

The  most  recent  advances  in  the  measurement  of  time  involve  the  use  of 
readily  transportable  crystals  with  frequency  certainties  of  up  to  8  x  10"14 
vibrations  per  second.  With  available  time  measuring  techniques  (and  multiple 
passes  of  several  artificial  satellites)  absolute  positional  accuracies  in  the  horizontal 
plane  of  less  than  1  meter  are  now  achievable  and  ARIES  position  certainties  of 
0.25  to  0.5  meter  are  predicted. 
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Two  further  aspects  of  the  development  of  current-day  surveying/mapping 
practices  must  be  mentioned  before  we  can  move  into  consideration  of  the  new 
datum  itself.  The  first  aspect  concerns  the  various  projection  systems  available  to 
the  surveying/mapping  profession  and  the  second  concerns  the  computational 
systems  available. 

Coordinates 

The  May  3,  1933  minutes  of  the  Los  Angeles  County  Board  of  Supervisors 
contain  the  following:  "On  motion  of  Supervisor  Thatcher,  duly  carried,  it  is 
ordered  that  the  county  surveyor  be  instructed  to  cooperate  with  the  city  engineer 
and  the  Bureau  of  Water  and  Power  of  the  City  of  Los  Angeles  in  working  out  a 
plan  for  establishing  a  geodetic  control  system  for  Los  Angeles  County  and  City  so 
that  surveys  may  be  tied  to  the  same  coordinate  system/' 

At  about  the  same  time,  an  engineer  of  the  North  Carolina  State  highway 
department  appealed  to  the  U.S.  Coast  and  Geodetic  Survey  (C&GS),  predecessor 
of  today's  NOS,  for  assistance  in  setting  up  a  plane  coordinate  system  for  that 
State. 

A  paper  entitled  "Paper  on  the  Establishment  and  Use  of  the  California 
Coordinate  System  in  Los  Angeles  County,"  written  by  Mr.  E.  T.  Mankey  and 
prepared  for  presentation  at  the  County  Engineers  Association  Convention  in  Santa 
Cruz  on  September  27,  1951,  states:  "Within  the  next  2  or  3  years,  the  Coast  and 
Geodetic  Survey  had  devised  similar  systems  for  each  of  the  States  in  the  Union." 

In  applying  the  system,  zone  boundaries  were  to  follow  the  county  (or  parish 
or  borough  or  island)  lines. 

California,  as  is  well  known,  proposed  to  adopt  the  Lambert  conformal  conic 
projection  utilizing  six  zones.  It  was  not,  however,  until  a  compromise  was  worked 
out  and  zone  seven  was  created,  that  the  Los  Angeles  County  Engineer  and  the 
agencies  cooperating  in  the  1933  work  were  willing  to  accept  the  system.  Hence,  it 
was  in  1947  that  the  California  Legislature  adopted  the  California  Coordinate  Act 
into  the  Natural  Resources  Code.  It  is  to  be  noted  that  the  act  makes  reference  to 

1.  The  Clarke  "Spheroid"  of  1866. 

2.  The  North  American  Datum  of  1927. 

3.  The  length  unit  "feet." 

California  is  one  of  37  States  to  have  officially  adopted  a  recommended 
coordinate  system  and  to  have  profited  by  having  done  so.  The  systems,  however, 
have  what  is  considered  by  some  to  be  a  major  shortcoming — they  apply  to  only  a 
single  county  or  only  within  a  combination  of  a  very  few  counties.  What  of  national 
mapping  programs  and  of  international  military  defense  programs?  These  programs 
are  better  served  by  the  Universal  Transverse  Mercator  (UTM)  Projection  wherein 
an  identical  projection  is  prescribed  for  each  6°  band  or  "zone"  of  longitude. 

The  UTM  system  is  also  excellent  as  a  basis  for  continental  mapping  programs 
where  local  political  boundaries  need  not  control  the  mapping  program.  Department 
of  the  Army  Technical  Manual  5-241  points  out  that  for  work  of  less  accuracy  than 
1  part  in  1,000  scale  factors  can  be  ignored.  And,  as  implied  above,  the  basic  unit 
of  measurement  is  the  meter. 

A  modification  of  the  6°  Transverse  Mercator  (Gauss-Kruger  type)  Projection 
is  the  2°  projection  wherein  each  6°  zone  would  have  3-2°  zones,  A,  B,  and  C  with 
a  very  small  scale  factor  on  the  central  meridian,  a  small  maximum  value  of  delta- 
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alpha  and  the  very  desirable  trait  of  uniformity.  It  would  not,  however,  respect 
local  political  boundaries  and  would  leave  Inyo  County  in  three  zones  and  a  large 
number  of  other  counties  in  two  zones.  Nothing  need  be  said  here  about  the 
Alaskan  Skew  Mercator  (Hotine  Skew  Orthomorphic)  Projection  or  other  special 
projections  that  have  or  could  be  used — those  mentioned  will  suffice  for  the 
purposes  of  this  paper. 

The  final  consideration  leading  to  a  readjustment  of  the  national  network 
concerns  available  computer  technology  and  equipment.  Here  it  needs  only  to  be 
pointed  out  that  earlier  adjustments  and  datums  were  limited,  in  part  at  least,  to 
the  capacity  of  mechanical  calculators. 

While  even  today's  electronic  giants  are  not  unlimited,  it  is  reasonable  today 
to  talk  about  a  national  data  file  and  block  adjustments  involving  up  to  1,000 
stations  at  a  time,  using  iterative  solutions  to  refine  the  data  submitted  and  to 
interlock  adjacent  blocks. 

Recent  Activities 

NATIONAL 

With  the  foregoing  factors  in  mind  and  based  on  the  prediction  that 
computational  as  well  as  measurement  techniques  would  improve  as  time  goes  on, 
the  leaders  of  the  National  Ocean  Survey/National  Geodetic  Survey  proposed  a 
general  readjustment  of  the  primary  control  of  the  North  American  Continent 
including  Greenland.  The  proposal  was  adopted  on  July  1,  1974. 

The  proposal  contains  several  major  elements: 

1.  A  new  Earth-mass-centered  ellipsoid  will  be  adopted. 

2.  A  new  datum  will  be  adopted. 

3.  All  horizontal  data  now  in  the  possession  of  the  NGS  or  to  be  supplied  by 
interested  local  agencies  will  be  evaluated  and/or  adjusted. 

4.  The  transcontinental  geodimeter  traverse  will  contribute  to  the  scale  of  the 
adjustment. 

5.  All  lengths  and  coordinates  to  be  published  will  be  given  in  metric  units. 

6.  A  uniform  national  system  of  plane  rectangular  coordinates  will  be  made 
available  (e.g.,  a  6°  UTM  system). 

7.  The  horizontal  network  will  be  supplemented  by  a  dynamic  vertical  network 
as  soon  as  personnel  and  computer  space  become  available. 

8.  The  data  contained  in  the  computer  file  will  be  available  to  other  interested 
parties. 

Let  us  look  at  several  of  these  elements  briefly  before  going  into  detail  on  the 
participation  of  the  local  agency. 

THE  GEOID  AND  DATUM 

Four  major  programs  are  contributing  great  quantities  of  data  not  available  to 
earlier  mathematicians.  The  transcontinental  traverse  is  providing  a  scale  control 
of  1  part  in  1,000,000  or  better.  Its  concomitant  astronomic  program  involving 
observations  (over  the  130-year  history  of  the  NOS)  at  approximately  5,000  stations 
will  provide  directional  control  much  better  than  that  previously  available.  Doppler 
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satellite-derived  geocentric  positions  at  over  150  stations  in  the  conterminous 
States;  and  an  additional  100  in  Alaska,  Hawaii,  and  Puerto  Rico  and  others  by 
agencies  of  Canada,  Denmark  (Greenland),  and  Mexico,  provide  two  dimensional 
positions  to  a  certainty  approaching  1  meter  and  without  regard  to  the  distance 
between  stations.  Other  satellite  ranging  and  astrophotographic  observations  on 
artificial  satellites  are  also  contributing  to  a  better  knowledge  of  the  geoid. 

It  is  expected  that  the  ellipsoid  to  be  used  in  the  final  adjustment  will  be 
adopted  by  the  participating  national  agencies  in  1980.  Station  MEADES  RANCH 
will  no  longer  be  held  fixed  and  the  undulations  of  the  geoid  above  and  below  the 
ellipsoid,  i.e.,  the  geoidal  heights,  will  be  known  and  accounted  for. 

THE  TRANSCONTINENTAL  TRAVERSE 

All  field  work  has  been  completed  and  the  major  loops  have  been  closed  with 
the  expected  1:1,000,000  accuracy.  This  work  has  been  traditionally  done  in  metric 
units,  the  only  unit  of  length  recognized  in  the  1983  adjustment. 


THE  COORDINATE  SYSTEM 

As  noted  above,  several  coordinate  systems  have  been  considered.  We 
consider  it  fortunate  that  a  few  have  been  rejected.  Among  those  rejected  was  the 
proposal  to  adopt  the  2°  UTM  to  the  exclusion  of  all  others.  As  of  now  (say,  August 
1977),  it  is  envisioned  that  all  data  will  be  published  on  the  6°  UTM  grid  modified 
only  to  provide  for  the  new  ellipsoid.  An  article  appearing  in  the  American  Society 
of  Civil  Engineers  News,  dated  August  1977,  refers  to  the  Federal  Register  of 
March  24,  1977  and  indicates  that  data  will  also  be  published  on  the  State  Plane 
Coordinate  System  but  only  if  the  State  will  adopt  a  coordinate  act  specifying  the 
new  ellipsoid  and  the  metric  units. 


THE  VERTICAL  NETWORK 

In  the  establishment  of  the  new  horizontal  datum,  it  is,  at  each  step, 
recognized  that  a  new  vertical  datum  and  adjustment  will  be  required.  Ample 
provision  is  being  made  in  the  data  bank  for  inclusion  of  vertical  data.  It  is 
expected  that  the  new  datum  will  be  a  dynamic  datum  as  opposed  to  an 
orthometric  datum,  i.e.,  gravity  data  as  well  as  the  direct  results  of  differential 
leveling  observations  will  combine  to  make  up  an  elevation;  and,  it  is  expected  that 
the  proposed  southern  California  releveling  program  will  be  included  in  the 
readjustment.  (In  fact,  the  local  net  will  be  a  proving  ground  for  development  of 
the  national  net.) 


AVAILABILITY  OF  DATA 

In  going  to  the  1983  adjustment,  it  can  be  expected  that  NGS  will  continue  its 
policy  of  making  all  file  data  available  to  users  in  the  most  expeditious  manner 
possible.  After  suitable  safeguards  are  incorporated,  it  is  probable  that  computer 
to  computer  data  exchanges  will  be  possible. 
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THE  DATA  FILE 

The  data  file  upon  which  the  adjustments  will  be  based  will  consist  of  two 
major  elements  and  many  minor  elements.  First  to  be  placed  in  the  file  were  the 
geodetic  positions  of  some  225,000  stations  (including  the  positions  of  a  number  of 
stations  established  by  LACO)  included  in  the  national  file  and  based  on  the  1927 
North  American  Datum.  If  no  observational  data  are  available  for  these  stations, 
only  a  "datum  transformation''  will  be  possible.  It  is  not  expected  that  the  NGS 
will  publish  such  stations  after  1983.  The  second  major  element  of  data  to  be 
placed  in  the  file  is  the  "observable"  data.  Herein  are  included  abstracts  of 
directions,  distances,  astronomic  azimuths  and  positions,  abstracts  of  zenith 
distances  (i.e.,  vertical  angles)  and,  for  the  Doppler  stations,  tables  of  derived 
positions.  With  every  observation  is  included  the  date  of  observation,  an  indication 
of  the  accuracy  of  the  observation,  and  such  other  information  as  is  needed  for  an 
interpretation  of  the  submitted  data.  In  establishing  the  data  bank,  it  is  recognized 
that  any  station  may  have  been  occupied  on  any  number  of  occasions  by  one  or 
several  agencies.  On  submission  of  the  data,  nets  will  be  formed  and  the  data 
tested  for  blunder  and  screened  for  "outliers. "  When  possible,  the  submitting 
agency  will  be  asked  to  verify  the  submitted  data  and  supply  such  corrections  or 
evaluations,  as  available.  Agencies  submitting  data  for  the  file  will  also  be  required 
to  submit  station  descriptions. 

Data  submitted  to  NGS  should  be  in  the  format  prescribed  in  the  NGS 
preprint,  "Input  Format  and  Specifications  for  the  National  Geodetic  Survey  Data 
Base." 


Looking  Ahead 


GENERAL 


1.  The  California  Coordinate  System,  as  presently  constituted,  is  convenient 
and  has  been  generally  accepted.  It  provides  a  good  basis  for  bearings  and 
good  blunder  control  for  maps  and  surveys  that  are  to  be  reviewed  by  a 
public  body  and  provides  an  excellent  basis  for  both  small  and  large  scale 
mapping.  The  coincidence  of  zone  boundaries  with  county  boundaries  is 
convenient. 

2.  Modern  electronic  distance  measuring  equipment  permits  the  local  land 
surveyor  to  approach  or  exceed  the  accuracies  of  the  now  published 
positions  of  existing  stations.  The  currently  published  data  should  be 
upgraded  by  a  factor  of  10  times. 

3.  As  Federal  power  and  authority  increase,  greater  demands  will  be  placed 
on  local  agencies,  both  public  and  private,  to  describe  property  subject  to 
Federal  loans  or  grants  according  to  some  national  standard.  It  can  be 
reasonably  anticipated  that  this  standard  will  be  the  1983  North  American 
Datum  and  the  6°  Transverse  Mercator  grid. 

NOTE:  The  reader  is  referred  to  the  proceedings  of  the  37th  annual  meeting  of 
American  Congress  on  Surveying  and  Mapping  held  in  February  1977  in 
Washington,  D.C.,  for  numerous  papers  on  the  establishment  of  a  national 
cadastre  and  land  data  bank.  Further  reference  is  made  to  ongoing  activities 
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of  the  Bureau  of  the  Census  and  the  Nation's  dependence  on  the  "Census 
Tract"  as  a  geographic  identifier. 

4.  Great  portions  of  California  are  subject  to  movement  of  one  form  or 
another — landslides,  subsidence,  and  tectonic  activity  are  common  occur- 
rences. Our  coordinate-related  monuments  provide  an  excellent  base  for 
the  study  of  such  phenomena. 

5.  A  machine-accessible  file  of  all  survey  data  would  be  advantageous.  The 
file  that  NGS  proposes  to  create,  if  accessible,  may  contribute  toward  that 
end. 

6.  Reliance  on  a  Federal  agency  to  perform  a  function  that  could  be  performed 
at  a  local  level  may  have  its  liabilities  such  as  time  losses  due  to  lagging 
responses  and  restrictions  as  to  structure. 


THE  LOCAL  PROBLEM 

The  Los  Angeles  (LA)  County  Engineer  has  been  active  in  the  creation  of  a 
system  of  first-order  geodetic  control  for  some  45  years.  The  Los  Angeles  City 
Engineer  has  also  maintained  an  active  control  survey  program  over  the  years.  The 
county  engineer  has  established  some  3,000  monumented  stations  exclusive  of- 
those  contained  in  the  national  net  and  has  occupied  and  accepted  national  net 
stations  (the  38-station  net  was  adopted  by  NGS  and  is  included  in  the  national 
net)  on  innumerable  occasions. 

Even  a  casual  consideration  of  the  problem  dictates  that  some  participation  in 
the  national  program  will  be  required.  Without  local  participation,  will  the  "big 
machine  in  Washington"  again  try  to  include  observations  out  of  (or  in  to)  Station 
BALDWIN  in  its  network  as  was  done  several  years  ago  in  trying  to  establish  the 
location  of  points  at  Los  Angeles  International  Airport?  Does  the  "big  machine" 
know  that  Station  BALDWIN  has  moved  3  or  4  feet  with  respect  to  Station 
SOUTHWESTERN  over  the  past  20  years?  We  can  presume  that  it  knows  the 
effect  of  the  San  Fernando  earthquake  of  1971  (and  will  not  use  pre-earthquake 
data  in  the  San  Fernando  area)  because  of  the  involvement  of  NGS  in  the  post- 
earthquake  studies,  but  what  of  the  1.9  foot  movement  of  Station  NAVY  MOLE 
LIGHT?  Some  data  pertaining  to  this  Long  Beach  subsidence  study  station  is 
known  to  be  in  NGS  files.  Additional  data  are  known  not  to  be.  Without 
participation,  how  will  these  problem  areas  be  defined?  We  fear  that  some,  at 
least,  could  go  undetected  and  result  in  the  publication  of  a  few  positions  that  are 
just  plain  wrong,  the  publications  of  others  that  are  less  than  the  best  available, 
which  might  result  in  the  use  of  data  that  would  place  undue  constraint  on  the 
published  positions  of  stations  well  outside  the  problem  areas. 

NOTE:  Since  the  first  draft  of  this  paper  was  prepared,  we  have  been  assured 
that  data  screening  techniques  and  programs  are  now  being  applied  that  will 
detect  movements  such  as  those  that  occurred  at  Station  BALDWIN.  The 
writer  will  reserve  final  judgment  on  this  item  until  preliminary  analysis  of  the 
data  to  be  submitted  by  Los  Angeles  County  is  complete. 

But  if  limited  participation  to  define  problem  areas  is  to  be  elected,  then  what 
will  be  the  limits  of  the  participation?  It  has  been  suggested — and  the  suggestion 
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has  not  yet  been  finally  rejected  (October  14,  1977) — that  participation  be  limited 
to  the  proposed  horizontal  control  network  for  Los  Angeles  County. 

This  network  provides  a  framework  covering  all  of  Los  Angeles  County  and 
provides  adequate  connections  to  adjacent  areas.  It  has  recently  been  observed 
using  a  Wild  T^3  directional  instrument  (16  replications  with  all  observations  at 
night)  and  the  K&E  Rangemaster  with  all  lines  measured  in  both  directions  (20 
independent  measurements  on  each  of  at  least  2  nights). 

Again,  the  question  must  be  asked:  Will  the  "big  machine"  not  then  mix 
these  new  data  with  older  data  placed  in  its  memory  bank  by  its  parent 
organization  and  produce  an  adjustment  based  on  some  imposed  machine 
judgment,  rather  than  on  a  judgment  controlled  by  a  more  understanding  and 
better  informed  engineer/master? 

A  second  suggestion  for  a  limited  participation  would  have  the  county  engineer 
submit  only  data  that  have  been  acquired  in  the  years  following  the  1971  San 
Fernando  earthquake.  The  presumption  is  that  the  county  engineer  would  then 
establish  positions  for  all  stations  that  have  not  been  reoccupied  since  that  time. 
This  suggestion  would  require,  as  would  other  limited  participation  plans,  that  the 
existing  data  be  compiled  in  two  separate  formats,  the  NGS  format  and  the  local 
format.  This  suggestion  would  lose  much  validity  if  NGS  were  not  to  follow  suit.  If 
the  earthquake  is  to  be  used  as  a  special  criterion,  then  the  author  believes  that 
NGS  should  be  asked  to  make  a  preliminary  trial  adjustment  using  only  post- 
earthquake  data  throughout  the  area,  then  incorporate  (and  Los  Angeles  County 
submit)  all  pre-earthquake  data  and  examine  the  second  solution  in  light  of  the 
earthquake  effect. 

Other  problems  to  be  anticipated,  if  a  limited  participation  is  elected,  involve 
the  county  engineer's  free  adjustment  of  the  net.  The  free  adjustment,  an 
adjustment  holding  fixed  only  the  position  of  one  station  and  the  azimuth  to  a 
second,  indicates  a  probable  error  in  direction  of  0.66  second  and  a  probable  error 
in  distance  of  1/313,000.  (A  probable  error  in  position  of  0.29  foot  at  the  average 
line  length  of  91,000  feet.)  When  the  apparent  shift  from  the  published  1927  North 
American  Datum  positions  to  the  free  adjustment  positions  are  calculated  and 
plotted,  figure  1  results.  The  displacement  vectors  show  clearly  that  the  corrections 
that  will  result  from  the  new  adjustment  will  probably  not  be  uniformly  distributed. 
They  will  vary  in  both  magnitude  and  direction.  Now,  the  reader  is  asked  to 
visualize  a  station  located  within  the  triangle  MTW  F-10A,  WHR  D-11A,  and  BUR 
J-8.  What  datum  translation  vector  will  be  applied  to  this  station?  Will  the  vector 
be  determined  by  inspection  or  will  a  more  rigorous  method  be  used?  If  it  is  to  be 
rigorously  adjusted  using  local  data  to  fit  it  into  the  triangle,  will  all  the  data 
available  really  be  used?  What  of  the  other  Federal  stations  within  the  area?  Will 
it  be  possible  to  arrive  at  compatible  positions  if  all  stations  and  all  available  data 
are  not  included  in  a  simultaneous  solution?  Will  the  net  shown  be  improved  or 
weakened  by  the  inclusion  of  older  data?  How  will  data  not  included  be  evaluated? 
All  valid  NGS  data  within  the  area  will  be  included — aren't  the  county  engineer's 
data  as  valid? 

A  readjustment  was  made  in  the  Pomona  Valley  area  of  Los  Angeles  County 
in  1958.  Stations  NOB  and  BREA  were  not  included  in  the  readjustment,  yet  they 
were  within  the  area  embraced  by  the  readjustment.  Both  were  located  on  easily 
accessible  rounded  hills,  were  well  marked  and  visible  without  obstruction  from 
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Figure  1. 


much  of  the  surrounding  area.  Yet,  the  stations  could  not  be  used  as  a  basis  of 
bearings  or  as  check  points  in  reestablishing  a  nearby  rancho  line. 

Numerous  USGS  second-  and  third-order  triangulation  stations  were  not 
included  in  the  readjustment  from  the  North  American  Datum  to  the  North 
American  Datum  of  1927,  yet  they  were  in  locations  ideal  for  connections  to  local 
surveys.  Triangulation  Station  MONROVIA  would  have  provided  an  excellent  tie 
point  for  a  survey  executed  by  the  writer  in  an  area  of  very  difficult  terrain  ha^d  it 
been  included  in  that  adjustment.  Numerous  other  examples  of  stations  within1  an 
area  (but  excluded  from  a  readjustment)  could  be  cited  together  with  the  problems 
which  were  created.  However,  these  will  suffice. 
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If  Los  Angeles  City  and  County,  with  their  high  density  of  first-order  control 
fail  to  participate  fully  in  the  NGS  readjustment  program,  it  appears  to  the  writer 
that  it  will  be  a  considerable  number  of  years  before  all  the  existing  stations  are 
again  available  for  use  by  the  practicing  surveyor.  In  any  event,  in  the  opinion  of 
the  writer,  local  agencies  will  be  forced  to  place  all  existing  data  in  some  machine- 
readable  form. 

ADDITIONAL  FACTORS 

Let  us  return  then  to  a  further  consideration  of  the  extent  of  participation  to 
be  afforded  by  the  Los  Angeles  County  Engineer.  And,  let  us  refer  again  to  the 
NGS  "Input  Formats. "  Horizontal  observation  data  are  to  be  submitted  to  NGS  in 
one  or  more  of  30,  80-card-column  formats.  Each  of  the  30  formats  must  be  rigidly 
adhered  to  and  includes  from  3  to  25  or  more  fields.  Within  "Input  Formats"  is 
found  some  45  pages  of  codes  to  be  used  in  filling  in  data  in  the  various  fields. 
Certainly,  not  all  of  these  codes  or  fields  or  formats  will  be  used  by  any  single 
agency  in  submitting  data  to  the  national  file.  However,  the  complexity  of  the  input 
formats  must  be  compared  to  the  single-card  input  format  used  by  a  number  of 
local  and  State  agencies  in  applying  Michael  Perk's  (British  Columbia,  Canada) 
COSMOS  program  in  the  adjustment  of  a  network. 

"Input  Formats''  also  directs  that  for  any  station  to  be  included  in  the 
adjustment,  a  description  must  be  furnished.  The  description  must  also  comply 
with  strict  format  requirements.  Thirty  or  more  formats  with  up  to  18  fields  on 
each  card  are  prescribed  for  the  descriptive  elements  of  data  to  be  submitted.  Los 
Angeles  City  has  prepared  descriptions  in  machine-readable  format  and  will 
evaluate  the  possibility  of  machine  processing  the  existing  descriptions  to  meet 
NGS  standards.  Los  Angeles  County  has  had  no  intent  to  prepare  machine- 
readable  descriptions,  but  has  given  consideration  to  machine-recoverable  micro- 
film descriptions  (which  can  conveniently  contain  pictures  and  sketches)  and  is 
currently  relying  on  hand  recoverable,  machine  indexed,  microfilm.  Clearly,  if  the 
county  engineer  is  to  participate  fully,  between  1,500-  and  3,000-page  equivalents 
of  typing/keypunching  will  be  required,  not  counting  the  engineering  technician 
time  required  to  format  the  material  for  kevpunch  or  kevboard  terminal  entrv  of 
the  3,000  descriptions  to  be  entered.  As  described  above,  the  current  5-  by  8-inch 
description  cards  may  contain  sketches.  They  are  also  convenient  for  the  rubber 
stamp  and/or  pencil  entry  of  recovery  notes  and  for  the  entry  of  multiple  positions 
and  elevations  as  appropriate.  Because  of  the  necessity  to  format  and  codify 
material  to  be  added  to  a  computerized  description  file  and  since  the  final  authority 
for  a  description  of  a  station  must  be  the  field  book,  it  is  suggested  that  not  all 
descriptions  will  be  the  best  available  at  all  times. 

Surely,  the  data  can  be  compiled  to  form  large  networks,  but  then  the  factor 
of  time,  or  better  stated,  date  of  observation  becomes  a  major  consideration.  For 
example,  the  county  engineer's  files  contain  82  abstracts  ol  directions  out  of 
Station  SAN  PEDRO  and  its  7  eccentrics,  and  an  additional  31  abstracts  out  of 
Station  CASTRO  and  its  various  auxiliaries  and  eccentrics,  all  staggered  in  time 
from  1932  to  the  present. 

Questions  yet  to  be  answered  concern  the  method  that  will  be  used  in 
weighting  the  various  observations.  The  instructions  include  provision  for  designat- 
ing the  instruments  used,  the  number  of  replications,  the  rejection  limits  adhered 
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to,  and  the  class  of  work  achieved.  These  criteria  do  not,  of  themselves,  account 
for  the  "date  of  observation, "  probable  or  possible  movement,  or  absolute  position 
certainty  factors  inherent  in  arriving  at  a  final  position  for  each  station.  The 
required  statements  of  directional  accuracies,  length  accuracies,  figure  closures 
and  rejection  limits  that  were  imposed  on  the  original  work  give  special  concern. 
These  limits  were  often  determined  by  desired  positional  certainties.  Here,  the 
lengths  of  lines  and  numbers  of  rays  out  of  a  station  were  factors.  Will  these  be 
accounted  for  in  the  readjustment  if  the  required  formats  are  adopted  but  local 
judgments  not  used? 

One  further  item  concerns  the  writer.  This  pertains  to  the  recognition  of 
stations  that  have  been  given  different  names  by  different  organizations  and  to  the 
segregation  of  closely  adjacent  stations  (by  different  organizations)  of  the  same 
station  name. 

COST 

No  refined  estimate  of  the  cost  of  participating  fully  in  the  readjustment 
program  has  yet  been  prepared  by  the  Los  Angeles  County  Engineer.  The  writer's 
wild  guess  puts  the  figure  at  about  $300,000  and  includes  six  engineering 
technician  staff-years  and  an  equal  number  of  keypunch  staff-years. 

The  cost  of  an  alternate  program  must  include  the  following  tangible  factors: 
(1)  data  preparation  in  the  simpler  format  prescribed  by  either  COSMOS  or  by  the 
department's  present  data  file,  and  (2)  processing  the  data  once  the  Federal 
positions  are  furnished. 

To  this  must  be  added  the  intangible  cost  of  delay  in  fully  utilizing  the  existing 
control  system,  the  cost  of  mistakes  made  while  dual  systems  are  available,  the 
cost  of  "panic"  establishment  of  positions  for  projects  of  Federal  interest,  and  the 
cost  of  not  being  able  to  cooperate  fully  with  other  agencies  that  have  fully  joined 
the  NGS  effort.  Offsetting  some  of  these  intangibles  are  the  equally  intangible 
pride  and  certainty  of  having  done  it  locally  with  local  people  and  with  full 
knowledge  of  local  factors. 

THE  DECISIONS 

In  January  1978,  after  a  full  discussion  of  the  anticipated  problems  with  senior 
members  of  the  NGS  staff,  the  Los  Angeles  County  Engineer  elected  to  move  as 
rapidly  as  possible  to  submit  data  to  NGS  for  inclusion  in  the  adjustment.  Available 
data  will  be  prioritized  in  somewhat  the  following  manner:  (1)  In  inverse 
relationship  to  time,  i.e.,  the  most  recently  observed  data  will  be  compiled  first.  (2) 
No  further  data  will  be  provided  for  stations  known  to  have  moved  (subsidence, 
landslide,  earthquake,  etc.)  until  data  have  been  provided  that  will  be  sufficient  to 
position  every  station.  (3)  Where  the  choice  will  not  materially  affect  the  strength 
of  the  networks,  data  will  be  submitted  for  existing  stations  in  preference  to  lost 
stations.  (4)  Triangulation  nets  will  be  given  precedence  over  traverse  networks.  (5) 
All  remaining  first-order  data  in  file  will  be  used.  (6)  Any  data  known  to  have  been 
observed  by  first-order  methods  but  rejected  .on  preliminary  analysis  for  whatever 
reason  will  be  entered.  (In  a  few  cases  initial  monumentation  was  below  first-order 
standards  but  has  since  been  upgraded.) 

The  decision  by  the  county  engineer  to  move  ahead  with  all  possible  speed 
was  predicated,  in  part,  upon  the  aecision  of  NGS  to  provide  technical  assistance 
in  our  office  for  a  month  or  more  during  the  preliminary  data  preparation  stages  in 


310  Richard  J.  Mitchell 

return  for  the  assistance  of  a  county  engineer  in  NOAA  headquarters  during  the 
time  our  data  are  being  screened  and  tested  during  the  latter  half  of  1979. 

As  a  result  of  discussion  between  the  same  senior  NGS  personnel  and  the 
staff  of  the  Los  Angeles  City  Engineer,  the  city  elected  to  submit  only  recently 
observed  data  for  a  network  tied  into  the  county  net  and  to  provide  basic  control 
throughout  the  city's  465  square-mile  area. 

The  relative  merits  of  these  two  decisions  will  become  apparent  only  after 
1983  positions  become  available. 


1983 


Impact 


The  foregoing  paragraphs  have  mentioned  some  of  the  uses  of  horizontal 
control  data,  i.e.,  to  provide:  (1)  a  common  basis  for  bearings  for  surveys  in  a  large 
area,  (2)  control  for  local  surveys,  (3)  unique  identifiers  for  points  and  land  parcels, 
and  (4)  information  for  Earth-movement  studies. 

Mention  must  now  be  made  of  the  use  of  horizontal  control  in  the  development 
of  the  extensive  automated  cadastral  mapping  program  of  the  county  engineer  and 
of  the  effect  the  1983  North  American  Datum  adoption  will  have  on  that  program. 

Over  the  years,  the  county  engineer  has  made  several  attempts  to  create  a 
series  of  general  cadastral  maps  at  a  scale  of  1  inch  equals  100  feet  (1:1,200) 
covering  the  entire  4,083  square-mile  area  of  the  county.  Attempts  at  placing  all 
data  on  single  sheets  by  hand  methods  and  at  data  separation  by  graphic  overlays 
failed  by  reason  of  time  and  cost.  The  problems  clearly  demonstrated  a  need  for 
coordinate  control. 

The  program  now  underway  began  with  dreaming  in  1969,  planning  in  1974, 
and  budgetary  approval  and  acquisition  of  hardware  and  software  systems  from 
Computervision  Corp.  in  January  1976.  In  that  year,  the  county  engineer  began  to 
digitize  the  approximately  100,000  documents  of  various  scales  and  orientations, 
these  were  drafted  with  various  accuracies  on  a  multitude  of  materials  that  will  be 
required  to  produce  the  9,600  maps,  each  covering  3,000  by  4,000  feet  in  area. 
Areas  are  bounded  by  1,000-foot  grid  lines  and  are  designated  by  the  "thousands" 
numbers  of  the  lower  left-hand  map  corner  with  the  northing  given  first.  Some 
100,000  of  coordinate  pairs,  the  calculation  of  which  have  been  based  on  the 
primary  control  system  of  the  county  will  be  keyed  into  the  system  as  control  for 
the  digitizing  process. 

NOTE:  Southern  California  Edison  Company  is  working  on  a  similar  automated 
graphics  system  to  cover  its  55,000  square-mile  service  area  and  will  prepare 
35,000  base  maps  each  2,000  feet  by  3,000  feet  in  extent.  The  utility's  policy 
is  "map  now,  control  later."  Ventura  County  (1,900  square  miles),  Orange 
County  (800  square  miles),  and  Riverside  County  (7,200  square  miles),  have 
also  embarked  on  automated  mapping  systems,  each  with  a  slightly  different 
philosophy  on  the  control  needed  to  make  the  program  effective. 

Date  now  being  digitized  is  being  separated  into  60  machine  discernible  layers 
or  kinds.  It  is  estimated  that  about  5  years  will  be  required  to  bring  these  basic 
data  layers  (i.e.,  street  patterns,  street  names,  tract  patterns  and  names,  lot 
patterns  and  numbers,  primary  street  and  lot  dimensions,  house  numbers,  set- 
backs and  zoning  codes,  etc.)  into  the  file.  This  will  require  working  three  shifts 
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per  day  at  six  machine  input  stations.  When  these  basic  data  are  on  file, 
assessment  data,  firefighting  data,  utility  data,  census  tract  data,  judicial  and 
special  district  boundaries,  congressional,  legislative,  supervisorial  and  council- 
manic  district  boundaries,  crime  statistics,  and  many,  many  more  data  levels  will 
be  added  to  the  file. 

Figures  2,  3,  and  4  are  portions  of  the  maps  now  being  placed  in  electronic 
storage.  They,  together  with  figure  5,  illustrate  some  of  the  problems  that  will  be 
encountered  when  the  Los  Angeles  County  Engineer  receives  the  1983  NAD 
coordinate  values  for  the  primary  control  stations.  (It  is  assumed  here  that  the 
California  Coordinate  Control  System  will  be  updated  and  retained.)  For  purposes 
of  illustration,  it  is  assumed  that  a  westerly  shift  of  97  meters  and  a  northerly  shift 
of  0  meter  will  occur. 

Figure  2  shows  a  portion  of  the  right-hand  edge  of  one  of  the  9,600  maps 
mentioned  above.  Figure  3  is  a  portion  of  the  adjacent  map  to  the  east. 

The  finely  dotted  lines  at  the  right  of  figure  2  and  the  left  of  figure  3  have 
been  added  for  reproduction  here.  All  data  to  the  left  of  the  dotted  line  on  figure  2 
(and  to  the  right  of  the  line  on  fig.  3)  are  contained  on  magnetic  tape  in  the  primary 
layers  of  the  automated  data  file.  Data  to  the  right  of  the  line  on  figure  2  (and  left 
on  fig.  3)  are  contained  in  special  "marginal  data"  layers.  These  marginal  data  are 
necessary  if  the  individual  sheets  are  to  stand  alone. 

However,  if  a  single  map  is  to  be  produced  extending  across  the  matchline, 
the  marginal  data  layers  are  suppressed  and  the  map  shown  in  figure  4  is 
produced.  The  reader's  attention  is  called  to  the  fidelity  of  the  match  at  the 
boundaries  of  the  sheets  shown  in  figures  2  and  3. 

Figure  5,  which  is  cut  into  parts  a  and  b  with  a  scale  expansion  of  1:1000, 
shows  that  when  the  grid  lines  that  form  the  boundaries  of  the  current  map  series 
are  shifted  97  meters  (  =  318  ft.)  westerly  and  then  shifted  easterly  to  a  whole 
number  of  hundreds  of  meters,  all  of  the  marginal  data  layers  will  have  to  be 
redone.  The  task  will  have  to  be  accomplished  by  a  human  operator  making 
judgment  decisions  outside  the  scope  of  reasonable  machine  program  control.  As 
noted  above,  9,600  map  sheets  are  contained  in  the  file,  each  with  a  perimeter  of 
3.55  meters  or  over  34  kilometers  of  marginal  data  in  the  map  series.  This,  by 
itself,  will  constitute  a  major  project. 

Figure  6  is  a  portion  of  a  1-inch — 500  ft.  =  (1:6000)  scale  index  map  produced 
by  compositing  a  5  by  5  matrix  of  the  1:1200  scale  maps. 

Figure  7  is  a  copy  of  Los  Angeles  City  map  No.  1,  drawn  by  Lieutenant  Ord, 
and  is  one  of  the  100,000±  documents  to  be  entered  in  to  the  automated  mapping 
system.  Note  that  the  map  has  a  scale  bar  but  no  dimensions.  A  few  of  the  early 
street  names  remain,  some  translated  from  Spanish. 


SUMMARY 

Much  has  been  said  about  the  effect  of  the  adoption  of  the  1983  North 
American  Datum  on  a  major  local  public  agency.  It  is  suggested  that  other 
agencies  (public,  quasi-public,  and  private,  both  small  and  large)  dependent  on 
geodetic  control  will  have  to  consider  the  factors  discussed  above  and  weigh  the 
cost  of  submitting  any  available  data  to  NGS  for  inclusion  in  the  readjustment.  The 
positions  of  offshore  facilities  and  the  location  of  public  utility  routes  and  plants 
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Figure  3. 
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bear  special  consideration.  It  may  well  be  found  that  the  cost  of  not  participating 
will  far  outweigh  the  cost  of  data  submission. 

Because  of  the  readjustment  element,  it  will  not  be  possible  to  create  a 
mathematical  transformation  equation  from  North  American  Datum  of  1927 
positions  to  1983  North  American  Datum  positions.  Failure  to  include  existing 
stations  in  the  readjustment  will  grossly  minimize  the  value  of  a  particular  station 
as  found  in  dealing  with  stations  not  readjusted  from  the  North  American  Datum  to 
the  North  American  Datum  of  1927. 

Engineers  and  surveyors  who  have  no  interest  in  the  direct  establishment  ot 
survey  control  will  have  at  least  a  casual  interest  in  the  new  datum.  Details  shown 
on  the  familiar  USGS  topographic  quadrangle  maps  for  California  will  appear  to 
shift  by  several  hundred  feet  with  respect  to  the  sheet  edges.  Unless  the  members 
of  one  or  more  of  the  California  surveying  organizations  take  some  action,  the 
familiar  California  coordinate  system  will  give  way  to  the  6°  UTM  grid  system. 
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PROPOSAL 

It  is  suggested  that  both  the  northern  and  southern  California  sections  of  the 
American  Congress  on  Surveying  and  Mapping,  as  well  as  the  southern  region  of 
the  league  of  California  surveying  organizations,  and  the  California  Council  of  Civil 
Engineers  and  Land  Surveyors  join  in  asking  the  California  Land  Surveyors 
Association  to  take  the  initiative  in  drafting  a  new  California  coordinate  act 
compatible  with  the  requirements  set  forth  by  the  NOS/NGS  in  the  Federal 
Register  of  March  24,  1977.  Would  it  not  be  appropriate  that  the  millions  digit  of 
both  the  x  and  y  coordinate  of  the  point  of  control  in  each  zone  be  the  number  of 
that  zone?  For  example,  7,xxx,xxx.xxx,  7,yyy,yyy.yyy  would  immediately  be 
recognized  as  being  in  Zone  7. 

POSTSCRIPT 

The  first  words  Jn  the  introduction  of  this  paper  referred  to  space-age 
instrumentation.  It  was  suggested  at  the  Phoenix  meeting  of  the  American 
Congress  on  Surveying  and  Mapping  that  the  surveying  instrument  of  the  year 
2000  will  be  a  wand  and  backpack  or  beltpack  which,  when  its  point  is  placed  on 
a  survey  monument,  will  give  the  three-dimensional  coordinates  of  the  point. 
Should  not  our  proposed  coordinate  act  revision  be  expanded  to  include  the 
National  Vertical  Datum  of  "Nineteen  Eighty-ex"  and  the  requirement  that  three- 
dimensional  coordinates  be  given  rather  than  only  two? 

Discussion 

Gergen:  On  behalf  of  NGS,  let  me  try  to  dissipate  your  fears  about  the  new  adjustment.  I  understand 
your  daily  problems  with  respect  to  crustal  motion  in  the  horizontal  and  vertical  areas.  We  will  do  the 
best  we  can  with  the  data  at  our  disposal.  Regarding  your  plea  for  a  network  of  higher  accuracy,  I 
understand  that  too.  But  it  is  not  possible  to  have  a  network  better  than  the  original  observations. 
Although  it  is  true  that  we  can  measure  distances  to  1  part  in  1  million  today,  most  of  our  network  is 
composed  of  horizontal  directions  which  translate  into  a  proportional  error  of  1  part  in  100,000.  Without 
extensive  new  field  work,  we  simply  cannot  produce  a  better  product  than  already  exists,  no  matter  how 
desirable  it  would  be  to  have  a  network  accuracy  of  1  part  in  1  million. 
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Abstracts:  After  some  historical  remarks,  the  Helmert  block  method  is 
demonstrated:  Different  aspects  for  the  formation  of  the  blocks  are 
shown,  and  the  various  types  of  the  unknown  parameters  are  defined. 
The  question  of  how  to  determine  the  weights  is  considered,  and  some 
practical  tools  are  mentioned. 


Introduction 

For  the  adjustment  of  large  geodetic  nets  the  numerical  procedure  of 
partitioning  the  total  net  in  several  blocks  is  a  very  useful  tool.  This  method  has 
existed  for  100  years  and  was  invented  by  the  geodesist  F.R.  Helmert. 

History 

(1)  It  was  in  1880  when  Helmert  published  the  first  volume  of  his  work  on  the 
mathematical  and  physical  theories  of  higher  geodesy.  Here  he  stated  that  the 
rigorous  adjustment  of  a  European  triangulation  network  could  be  achieved — if  at 
all — by  the  method  of  variations  of  (geographical)  coordinates,  using  a  subdivision 
of  the  total  net  in  several  partial  nets  or  blocks.  He,  in  addition,  gave  the  following 
directions  (Helmert  1880): 

(a)  Establish  the  normal  equations  for  each  partial  net  separately. 

(b)  Eliminate  the  unknowns  for  all  those  points  (inner  points)  which  do  not 
have  any  observational  connection  with  the  neighbouring  partial  nets.  The 
reduced  normals  so  obtained  then  contain  "junction  unknowns"  only  which 
are  in  common  with  the  corresponding  neighbouring  blocks. 

(c)  Add  together  all  these  reduced  normals,  term  by  term,  so  that  the  "Main 
System"  is  established. 

(d)  Solve  this  main  system  for  all  junction  unknowns.  Subsequently  the 
unknowns  for  the  inner  points  are  obtained  from  the  back  solution  as 
performed  within  the  various  partial  nets. 

Helmert,  himself,  was  not  able  to  employ  his  method.  In  1917,  when  he  died, 
the  necessary  observation  data  from  the  European  countries  were  not  yet  available. 

319 


320  Helmut  Wolf 

(2)  The  first  occasion  to  practice  the  Helmert  block  method  would  have  been 
the  adjustment  of  the  "Baltic  Ring"  connecting  Finland,  Sweden,  Denmark, 
Germany,  Poland,  Lithuania,  Latvia,  and  Esthonia.  But  the  Baltic  Geodetic 
Commission  decided  after  long  discussions  over  several  years  to  use  the  method  of 
condition  equations  within  the  national  partial  nets  and  the  polygon  method  for  the 
adjustment  of  the  total  net  (Olander  1949). 

But  within  this  scope  a  trial  adjustment  was  performed  (Weiken  1930)  with 
variation  of  the  coordinates  and  in  the  sense  of  Helmert  by  partitioning  the  net  into 
two  blocks. 

(3)  About  1935  the  block  method  was  proposed  again  by  Pranis  Pranievich 
with  emphatic  reference  to  Helmert,  and  in  (Levallois  1947)  the  "Pranis  Pranievich 
method"  was  used  for  the  adjustment  of  triangulation  nets  in  France,  but  instead 
of  coordinates  the  bearings  of  the  individual  sides  were  introduced  as  unknown 
parameters. 

(4)  Under  the  auspices  of  the  U.S.  Government  (Hough  1948)  the  "European 
Datum  1950"  was  computed  (Wolf  1949)  after  an  adjustment  by  a  somewhat 
improved  Bowie  method.  Herewith  a  consistent  system  of  approximation  coordi- 
nates through  all  European  countries  is  achieved  and  the  largest  system  of 
deflections  of  the  vertical  that  ever  existed  in  Europe  was  established.  So  this 
system  was  very  helpful  and  was  the  necessary  supposition  for  the  following: 

(5)  Incited  by  a  resolution  of  the  International  Association  of  Geodesy,  a  new 
adjustment  of  the  European  triangulation  net  "Retrig"  was  started.  In  the 
beginning,  however,  in  Ledersteger  (1954)  and  Kneissl  (1954)  it  was  proposed  to 
adjust  again  a  polygonal  frame,  like  in  the  Bowie  method,  to  which  later  on  the 
individual  national  nets  in  Europe  should  be  positioned,  e.g.,  by  the  principle  of 
the  minimum  square  sum  of  the  remaining  coordinate  discrepancies. 

But  after  all  the  proposal  (Wolf  1954)  was  adopted  by  the  Retrig  commission 
as  to  perform  a  rigorous  block  adjustment  in  the  sense  of  Helmert,  using  several 
computation  "levels"  as  shown  in  Wolf  (1963,  figs.  1-4)  and  Wolf  (1965).  According 
to  this  model,  the  new  Retrig  adjustment  is  now  in  progress. 

(6)  In  addition  to  the  purpose  of  triangulation  adjustment,  the  Helmert  block 
method  was  also  proposed  for  nets  of  traverse  lines  (Levallois  1970)  and  (Wolf 
1978)  and,  moreover,  the  joining  together  photogrammetric  blocks  adjusted 
rigorously  by  the  bundle  method  (Cenan  1970). 


Helmert's  Method 

The  procedure  of  the  Helmert  block  adjustment  is  to  be  explained  as  follows: 
For  block  No.  (i)  the  observation  equations  are 

v , ;  =  A  j  x  j  +  B  , -y  —  I  i 

I,  =  observations,  v x  =  residuals,  x  x  =  inner  unknowns, 

y  =  junction  unknowns  (in  common  with  neighbouring  blocks), 

A  j  and  #,  =  coefficient  matrices  in  such  a  manner  that 

[A  h  B  A  =  gradd  ,■  +  !>,■), 
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differentiated  with  respect  to  the  jc's  and  y's.  Normal  equations  for  the  block  No. 
(i)  are: 

NjXj  +  Rty  =Uj 

/?[*,- +  M,y  =w,  {) 

where  /V,  =  A  JPtAh  fl,  =  AJ  PtBh  Mt  =  BJ  PtBu  u{  =AJPili,  Wf  =  BlPtlh  P,  = 
the  reduced  normals  weight  matrix  for  the  /'s.  After  the  elimination  of  the  inner 
unknowns  x ,  we  have 

M  (y  =  w  i 


where  M{  =  Mt  -  RJNjRb    w,  =  wt  -  RJNi\uh  (2) 

Regarding  the  effect  of  possible  rounding-off  errors,  the  reduction  (2)  should 
preferably  be  performed  by  the  Cholesky  method. 

The  "main  system"     M*y  =  w*  (3) 

is  defined  through     M*  =  ^M ,-,  w*  =  ^Wj 

i  i 

Solution:  From  (3):     y  =  (M*)~lw* 

From(l):    *,=  Nrl(ut-  R,y).' 

Theroretically  the  vector  y  comprises  the  total  of  ill  junction  unknowns.  So  the 
matrices  B ,  ,  R ,  ,  M  t  possess  a  corresponding  number  of  zeros.  For  practical 
reasons,  therefore,  it  is  much  more  expedient  to  subdivide  y  into  several 
subvectors: 

yT=  [yLyLrh  •  •] 

where  we  call  yx  the  junction  unknowns  of  the  first  level,  y2  those  of  the  second 
level,  etc.  Each  block  may  participate  in  several  levels.  So  we  then  have  for  the 
block  No.  (i),  of  equation  (1): 

NfXt  +  Rliy1   +  R2iy2   +  ...=!*, 

RTuXi  +  Muyt  +  Su2iy2  +  .  .  .  =  wlt 

RliXi  +  S\t2iy1  +  M2iy2  +  .  .  .  =w2i 


and  after  the  elimination  of  xx  we  obtain  correspondingly: 

Muyi  +Si,2ty2  +  ...=!«!, 

Slt2iyi  +  M2iy2  +  •  • .  =  w2i 
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For  the  formation  of  the  main  system  of  first  level,  only  those  reduced  normals  are 
to  be  added  which  contain  y1  so  that 

M*xyx  +  S*2y2  +  .  .  .  =w* 

(4) 
S*2Tyi  +  M*y2  +  .  .  .  =w*2 


and  after  the  elimination  of  y1  we  get 


M%y2  +  .  .  .  = w 


.— * 

2 


Gathering  all  reduced  normals  containing  y2  we  obtain  the  main  system  of  second 
level: 

M**y2  +  .  .  .  =  w**  (5) 

where 

M*2*  =XM*2iw$*  =lw%.  (6) 

The  back  solution  begins  in  the  highest  level.  Then  each  y  is  passed  to  the  reduced 
system  of  the  preceding  level  in  the  procedure  of  the  back  solution.  Finally  the  yx 
of  the  first  level  are  obtained. 

Replacing  the  terms  at  the  right  side  of  the  normals  (in  the  first  level)  by  the 
identity  matrix  I  and  proceeding  in  just  the  same  manner,  all  covariances  between 
the  y's  and  the  *'s  can  be  computed  if  the  capacity  of  the  computer  is  extensive 
enough  for  this  aim. 

If  there  are  significant  differences  in  the  precision  of  the  observations  within 
the  various  blocks,  a  standardization  or  "homogenization"  (Wolf  1969)  has  to  take 
place  before  the  summation  (6).  This  can  be  done  by  multiplying  the  Nh  Rh  M  h 
u,  m;,  with  an  appropriate  weight-factor p,.  (See  below.) 

The  relations  (3),  (4),  (5)  follow  from  the  principle  of  linearity  and  additivity  of 
the  reduced  normal  equations.  Theoretically,  there  is  still  another  way  to  find  the 
main  system  (but  Helmert's  procedure  is  the  shortest  way):  We  can  conceive  the 
y's  as  correlated  observations,  their  covariances  stemming  from  the  individual 
block  adjustment  of  the  corresponding  level.  Then  by  identity  conditions  we  arrive 
again  at  Helmert's  main  system. 

Different  Types  of  Blocks 

The  subdivision  into  blocks  can  be  brought  about  according  to  different  points 
of  view: 

(1)  Partitioning  with  respect  to  regional  aspects:  The  blocks  are  then 
geometrically  adjacent  partial  nets. 

(2)  Partitioning  with  respect  to  the  special  kind  of  observations,  if  these 
observation  systems  possess  own  "inner  unknowns"  to  be  eliminated  beforehand. 
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Samples: 

(a)  The  special  "block"  comprises  the  astronomical  longitudes  A  as  necessary 
for  the  astronomical  azimuths  (=  Laplace  azimuths).  Their  inner  unknowns 
are  all  parameters  modelling  instrumental  and  personal  errors;  the  junction 
unknowns  are  the  X-values  as  required  for  the  Laplace  azimuths. 

(b)  The  special  "block"  comprises  the  Doppler-satellite  measurements,  the 
inner  unknowns  are  all  those  parameters  which  are  characteristic  for  the 
Doppler  observations  themselves,  and  the  junction  unknowns  are  the 
coordinates  of  the  Doppler  ground  stations  coinciding  with  trigonometric 
stations  (Wolf  1977). 

(c)  The  same  holds  true  if  a  fusion  with  a  satellite-laser  system  or  with  an 
optical  satellite  system  shall  be  performed  (Wolf  1967). 


Unknowns  Other  Than  Coordinates 

The  main  subject  of  all  geodetic  networks  is  the  coordinates  (including 
heights)  as  an  expression  for  the  asked-for  geometric  situation.  Besides  that,  the 
computational  model  very  often  contains  certain  parameters  which  also  are  to  be 
determined  as  unknowns,  but  they  are  accessory,  such  as: 

(a)  Station  constants  (local  orientation  unknowns) — Station  constants  (one  for 
every  set  of  observed  horizontal  directions),  if  related  to  inner  points,  belong  of 
course  to  the  inner  unknowns,  whereas  station  constants  at  junction  points,  as  a 
rule,  are  junction  unknowns,  too.  Only  in  a  special  case  they  could  also  be  handled 
like  inner  unknowns:  If  at  frontier  points  of  a  national  net  there  are  two  separate 
sets  of  directions,  one  for  the  national  net  I  and  the  other  one  for  the  national  net 
II,  we  then  have  inner  unknowns  even  at  junction  points. 

(b)  Scale  unknowns — If  a  certain  group  of  distances  has  been  measured  by 
one  and  the  same  instrument  affected  with  an  unknown  or  erroneous  scale  factor, 
then  in  the  observation  equations  for  these  distances  a  special  scale  factor  should 
be  introduced  as  unknown.  In  the  case  that  the  pertaining  distances  are  situated  in 
different  blocks,  then  this  scale  factor  must  be  included  in  the  group  of  junction 
unknowns. 

(c)  Unknowns  for  the  dimension  of  the  ellipsoid  used — If  questionable  whether 
or  not  the  scale  in  which  the  constants  of  the  Earth  ellipsoid  are  expressed  does 
coincide  accurately  with  the  scale  of  the  distance-measuring  apparatus,  we  ought 
to  admit  also  a  corresponding  unknown  for  the  pertinent  difference  in  scale.  (Note: 
One  of  all  scale  factors  is  arbitrary.) 

(d)  Laplace-rotation  unknowns  for  selected  azimuths — If  certain  Laplace 
azimuths  have  been  measured  with  one  and  the  same  instrument,  especially  by  the 
polaris  method,  and  if  the  instrument  used  shows  a  certain  systematic  behaviour 
(deviations  from  the  full  roundness  of  the  horizontal  axis),  then  it  may  happen  that 
all  azimuths  observed  with  such  an  instrument  are  falsified  by  the  same  amount 
(Olander  1960).  This  effect  can  be  eliminated,  if  significant,  by  the  introduction  of 
a  special  unknown  which  belongs  to  the  junction  unknowns  if  the  Laplace-azimuths 
concerned  are  situated  in  different  blocks. 

(e)  Unknowns  for  regional  lateral  refraction — No  attempt  should  be  made  to 
introduce  the  two  components  of  a  regional  refraction  vector  as  unknowns  (Forster/ 


324  Helmut  Wolf 

Schutz  1929),  because  their  physical  existence  is  dubious  and  their  values,  if 
numerically  computed,  are  of  minor  significance. 

Determination  of  Weights 

Weights  must  be  introduced  to  distinguish  the  different  groups  of  heteroge- 
neous observations  (like  angles  and  distances),  and  weights  are  to  be  considered 
again  if  within  one  (homogeneous)  observation  group  there  exist  several  classes  of 
different  precision.  If  these  classes  are  regionally  distributed,  then  it  is  expedient 
to  arrange  the  subdivision  of  the  whole  net  in  such  a  way  that  the  blocks  consist  of 
observations  of  equal  precision  (as  far  as  possible)  so  that  the  weights  are  to  be 
determined  block  by  block. 

(a)  Weights  p  for  homogeneous  observations  (block  weights) — According  to  the 
experiences  as  made  hitherto,  the  most  reliable  value  for  the  variances  cr  2  (cr  = 
mean  square  error  for  an  observation  of  unit  weight)  is  obtained  from  a  strainless 
preadjustment  of  the  block  concerned,  the  weights  being  the  reciprocal  values  of 
the  cr2.  The  question  whether  two  cr's  so  obtained  are  differing  significantly  each 
from  another  may  be  answered  by  the  F-test,  as  is  well-known. 

(b)  Weights  p  for  heterogeneous  observations  (group  weights) — Here  all  avail- 
able information  sources  should  be  utilized  fully.  This  can  be  reached  by 
preadjusting  special  partial  systems  (if  possible)  formed  by  the  heterogeneous 
observations  only,  and/or  by  discrepancies  from  repeated  measurements,  and/or 
from  former  experiences  with  the  used  measuring  device,  etc.  (Wolf  1974). 

(c)  The  question  of  unbiased  weights — In  Neyman  (1968)  it  is  argued  that  for 
empirically  determined  values  cr  2  the  weight  p  =  const/cr 2  does  not  represent  an 
unbiased  estimate,  even  in  the  case  that  cr  2  has  been  determined  unbiasedly. 
Neyman,  therefore,  proposes  to  employ  the  unbiased  value. 


(-7) 


p  =  constl  I--I/0-2  (7) 

/  being  the  degree  of  freedoms  as  used  in  the  computation  of  cr  2.  But  up  to  now  p 
obviously  has  not  yet  been  used  practically,  and  no  experiences  are  available  as  to 
the  importance  of  the  correction  term  (—  2  const/fa-2). 

Some  Practical  Details 

(1)  Contrary  to  the  situation  in  the  adjustment  of  the  European  triangulation 
net,  where  so  many  national  border  lines  prevent  the  use  of  extensive  sparse 
matrices,  in  more  extended  blocks  the  optimization  of  the  profile  of  sparse  matrices 
is  strongly  advisable  (Snay  1976). 

(2)  Care  must  be  taken  that  along  the  border  lines  of  each  block  the  common 
observations  must  not  be  introduced  twice  in  the  whole  adjustment — once  via  the 
first  block  and  once  again  via  the  adjacent  block  — otherwise  we  could  introduce 
this  observation  into  both  blocks,  but  with  the  half  weight  (Eggert  1937). 

(3)  In  Weiken  (1930)  it  has  been  shown  that  there  are  two  possibilities  of  how 
to  define  the  border  line  between  every  two  blocks:  (i)  connecting  the  stations  and 
(ii)  between  the  stations.  For  practical  reasons  only  the  solution  (i)  has  been  used, 
because  it  guarantees  the  minimum  number  of  junction  unknowns.  The  only 
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advantage  of  solution  (ii)  is  the  fact  that  no  station  constant  enters  the  group  of 
junction  unknowns;  they  all  belong  to  the  inner  unknowns. 

(4)  It  has  proven  expedient  to  perform  the  proper  adjustment  in  several  stages: 

(a)  in  the  first  stage  only  the  horizontal  angles  (directions)  are  used, 

(b)  in  the  second  stage  the  distances  and  Laplace  azimuths  are  introduced. 

We  then  can  use  the  first  stage  as  the  preadjustment  necessary  for  the  blockwise 
weight  determination  (see  above),  and  on  the  other  side  this  subdivision  of  the 
adjustment  offers  the  advantage  that  we  can  prove  the  question  of  how  good  the 
Laplace  azimuths  and  the  distances  will  fit  in  the  angles,  before  we  enter  the 
second  stage,  so  that  outlying  azimuths  and  distances  will  be  recognized  at  this 
moment.  Finally  the  question  of  point  identities  along  the  national  border  lines  may 
be  checked  also  herewith,  i.e.,  before  starting  the  second  stage  of  the  computation. 


Conclusions 

Helmert's  block  method  is  not  only  a  most  useful  tool  for  the  partitioning  of  a 
geodetic  net  geometrically  into  partial  nets  and  its  rigorous  adjustment,  it 
moreover  plays  an  important  role  for  the  rigorous  fusion  of  triangulation  nets  with 
other  geodetic  systems,  like  satellite  systems,  longitude  systems,  etc.,  conceiving 
these  separate  systems  as  Helmert-blocks  in  a  metaphoric  sense. 
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PROCESSING  OF  DATAMATICALLY  BLOCKED 
NORMAL  EQUATIONS 
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Abstract:  Forming  and  Cholesky-reduction  of  normal  equations  with  a 
program-controlled  paging  scheme  is  described  for  a  special  processor 
executing  arithmetic  operations  after  J.  H.  Wilkinson.  The  method  gives 
a  better  efficiency  of  the  work  storage  in  a  multiprogrammed  dator,  and 
has  a  practical  upper  limit  of  about  4,000  to  5,000  coordinate  unknowns 
(and  no  real  limit  for  the  orientation  unknowns).  No  implementation 
details  are  given. 

Introduction 

Datamatic  blocking  of  normal  equations  has  been  used  in  geodesy  for  solving 
normal  equations  with  a  matrix  size  exceeding  the  work  storage  size  (Andersen  and 
Krarup  1962;  Le  Menestrel  1968;  Poder  and  Tscherning  1973). 

The  method  was  applied  in  order  to  overcome  a  datamatic  limitation,  but  it 
turns  out  giving  a  better  overall  efficiency  in  multiprogrammed,  multiprocessor 
dators,  too. 

The  limitations  of  the  method  come  from  the  fact  that  the  operations  on  the 
blocks  when  the  normal  equations  are  formed  tend  to  give  a  large  number  of 
transports  to  and  from  the  backing  storage  when  the  number  of  blocks  becomes 
too  large,  but  existing  programmel  (i.e.,  programs,  procedures,  or  subroutines)  will 
handle  over  200  blocks  and  2,000  to  4,000  stations  (i.e.,  2,000  to  8,000  coordinate 
unknowns  plus  an  unlimited  number  of  orientation  unknowns). 

The  details  in  the  sequel  refer  frequently  to  a  specific  dator — that  of  the 
Geodetic  Institute  (Poder  and  Madsen  1978) — but  the  principles  are  with  modifica- 
tions used  in  other  environments  (Schwarz  1978).  The  method  is  not  an  alternative 
to  Helmert  blocking,  but  only  a  supplement. 

Word  Formats  and  Processor  Instructions 

The  system  has  two  different  word  lengths  for  floating  point  arithmetic,  single 
precision  equivalent  to  10.5  decimal  digits  and  double  precision  equivalent  to  21 
decimal  digits.  A  double  precision  number  is  addressed  with  one  address  for  the 
most  significant  bits  and  one  address  for  the  least  significant  bits. 

The  central  processor  unit  (CPU)  has  single  precision  ordinary  arithmetic  with 
two  guard  bits  for  true  rounding  (Brinch-Hansen  1971).  The  external  processor  unit 
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(EPU)  has  double  precision  arithmetic  with  two  guard  bits* for  true  rounding — after 
Wilkinson's  principles  (Wilkinson  1963),  i.e.,  (1)  add,  subtract,  and  store  with 
double  precision  operands  (with  two  addresses),  (2)  positive  or  negative  accumu- 
lated double  length  numbers  from  the  product  of  single  precision  operands,  and  (3) 
division  with  a  single  precision  quotient  of  a  double  precision  dividend  and  a  single 
precision  divisor  (the  square  root  function  works  as  a  division  with  the  divisor 
equal  to  the  quotient).  The  first  five  operations  are  repetitive  with  automatic 
operand  address  modifications  (giving,  for  example,  the  scalar  product  of  two 
vectors  with  one  instruction)  (Andersson,  1975).  The  division  and  square  root  is 
executed  with  a  special  Cholesky  instruction,  which  first  adds  the  unreduced 
element,  and  for  diagonal  elements  also  stores  a  status  word  describing  the  loss  of 
bits.  The  Cholesky  instruction  will  also  do  the  necessary  recovery  actions  for  a 
singular  matrix. 

The  process  of  forming  and  reducing  normal  equations  are  in  matrix  notation 

ATsAs-*Nd->Cs-  CJ,  (1.1) 

where/is  are  the  (single  precision)  observation  equations,  Nd  the  (double  precision) 
normal  equations,  and  CTS  the  (single  precision)  Cholesky  reduced  normal  equations. 
The  algorithm  leading  toCJ  is  with  small  letters  denoting  elements  of  the  matrices 
(neglecting  all  indices) 

c  =(n  -  lcc)/c  (1.2) 

or 

c  =  &aa  -  lcc)/c  (1.3) 

in  principle  including  also  the  square  roots  and  the  orientation  eliminations.  The 
normal  equations  are  just  "stepping  stones"  in  the  process,  and  the  EPU  is 
consequently  also  used  for  forming  the  normals  and  the  elimination  of  the 
orientation  unknowns. 


Outlines  of  Datamatic  Blocking 

Datamatic  blocking  is  mostly  combined  with  a  renumbering  of  the  normal 
equation  columns  for  obtaining  a  low  "profile"  of  the  matrix,  so  that  only  elements 
from  the  first  nonzero  elements  to  the  diagonal  are  stored.  (Snay  1976.)  However, 
if  the  matrix  is  full  (e.g.,  for  collocation),  datamatic  blocking  is  still  applicable. 
Each  block  has  an  address  catalogue  describing,  for  example,  the  virtual  address 
of  the  first  (mostly  nonexisting)  row  element  in  each  column  and  the  number  of 
(ignored)  zeroes  before  the  first  nonzero  element  in  each  column. 

The  blocks  may  be  described  by  a  block  catalogue,  e.g.,  containing  the 
column  number  of  the  last  column  in  each  block. 

These  catalogues  can  be  created  when  (1)  the  column  numbering  and  the 
number  of  ignored  zeroes  are  found,  e.g.,  from  a  reordering  algorithm  and  placed 
in  a  reorder  catalogue,  and  (2)  the  blocksize  is  defined. 

The  blocksize  P,  must  be  big  enough  to  hold  the  longest  column  of  length  u, 
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i.e.,  the  right-hand  side,  but  also  small  enough  to  fit  into  the  available  core  size, 
W,  so  obviously 

U  <Pand3  ■  P  <W,  (2.1) 

because  the  unreduced  blocks  use  twice  the  space  for  a  reduced  block.  When  the 
normals  are  formed  blockwise,  obviously  only  2P  is  necessary.  See  section  4  for 
further  discussion  of  the  blocksize. 

The  processing  also  benefits  from  column  and  block  numbering  information 
stored  for  each  station  (jointly  with  the  geodetic  coordinates  and  conceivable  as 
"datamatic  coordinates").  This  information  may  be  created  from  the  reorder 
catalogue. 

Prior  to  use,  each  block  is  initialized  with  the  address  catalogue  and  the 
coefficient  locations  are  cleared.  The  content  of  a  block  is  illustrated  in  figure  1. 


administration         address  catalogue         status  words         coeff. 

Figure  1. — Datamatic  block  fields. 

The  administration  contains  general  information  for  the  procedure  dealing 
with  the  block.  The  status  words  are  used  by  the  Cholesky  instruction  for  storing 
the  loss  of  bits  and  a  description  of  the  success  or  contingent  recovery  action. 


Processing  of  Blocks 

The  right-hand  side— assumed  to  use  a  block  for  itself — is  first  computed, 
because  this  enables  a  blunder  detection  and  a  computation  of  the  observation 
equations  with  elimination  of  the  orientations  to  be  done  simultaneously.  It  is 
now  possible — by  going  through  the  observation  equations — to  form  and  insert  all 
contributions  of  elements  of  one  block  of  the  coefficients.  Thereafter  the  block 
may  be  Cholesky-reduced  by  all  previously  reduced  blocks  and  by  itself.  There  is 
a  very  well-defined  restart  point  after  each  block  has  been  reduced. 

The  reduction  of  the  right-hand  side  is  done  at  last  followed  by  the  back 
solution. 


Work  Storage  and  Dator  Efficiency 

Assume  that  two  processes  do  the  same  job  with  a  different  use  of  the  work 
storage.  It  would  then  be  natural  to  ascribe  the  process  using  least  work  storage 
the  highest  work  storage  efficiency  of  the  two. 

The  number  of  arithmetic  operations,  R,  for  Cholesky  reduction  of  a  given 
reordered  matrix  is  independent  of  the  blocking.  If  all  coefficients  were  located 
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in  the  work  storage  as  one  block  in  an  array  of  length,  say  2S  single  precision 
words,  then  the  number  of  operations  per  word  would  be 

1  R 

2  S'  (4'1} 

It  should  be  noted  that  the  last  part  of  the  double  precision  operands  are  only 
used  once.  If  the  array  is  divided  in  B  blocks  only, 

S/B  +  2  -S/B  =  3  S/B  (4.2) 

single  precision  words  are  used  and  the  average  number  of  operations  per  word 
becomes 

1     RR 
R/(3S/B)=-    —  •  (4.3) 

It  is  seen  that  the  average  number  of  operations  per  word  is  2/3  B  times  the 
unblocked  (and  probably  impossible)  case.  But,  as  mentioned  in  the  introduction, 
a  large  number  of  blocks  will  give  problems  with  the  forming  of  the  normals.  The 
processing  speed  in  the  blocked  case  may  be  lower,  because  reduced  blocks  must 
be  transported  to  the  work  storage  many  times,  but  it  will  be  possible  with  a 
profiled  matrix  to  ship  the  transport  of  blocks  with  all  product  sums  equal  to  zero, 
and  faster  backing  storages  or  parallel  transport  of  "next  block"  may  be  used  for 
reducing  or  removing  the  transport  delays. 

The  reduced  core  storage  requirement  for  the  processing  of  the  normals  and 
the  use  of  more  than  one  processor  (not  necessarily  an  EPU)  offers  the  advantage 
of  having  concurrent  processes  truly  parallel  with  the  adjustment  with  a  resulting 
higher  throughput. 

Performance 

The  EPU  execution  time  per  operation  (e.g.,  multiply  and  subtract)  is  20 
microseconds.  The  general  instruction  time  for  the  CPU  is  4  microseconds.  Table 
1  shows  the  performance  for  one  pass  of  coordinate  adjustments  (from  forming  the 
observation  equations  to  updating  of  coordinates  with  the  solutions). 

It  appears  from  the  table  that  up  to  2,000  stations  may  be  processed  with  a 
speed  of  1  to  1.3  seconds  per  station  and  that  3,000  stations  reduces  the 
performance,  probably  because  of  the  large  number  of  transports  from  the  backing 
storage,  but  also  presumably  because  the  reordering  algorithm  (Jewell  1961)  is 
inferior  to  that  of  Snay. 

Conclusions 

The  practical  limit  for  the  existing  dator  seems  to  be  around  2,000  stations, 
meaning  in  practice  7,000  to  8,000  unknowns.  Faster  processors  and  bigger  work 
storage  may  increase  this  limit.  It  is  conjectured  that  Helmert  blocking  must  be 
applied  for  bigger  systems  of  equations,  but  datamatic  blocking  will  then  be  useful 
for  individual  Helmert  blocks. 
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Table  1. — Performance  of  one  pass  of  coordinate  adjustments 
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Stations 

Orient, 
unknowns 

Blocks 

Time  in  seconds 

Real 

epu 

cpu 

70 

850 

1,900 

80 
1,200 
3,500 
8,000 

1-2 

80 

180 

450 

30 

900 

2,400 

10,000 

0.2 
300 

6 
400 

3,800 
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Abstract:  The  theory  of  roundoff  error  propagation  is  applied  to  predict 
the  buildup  of  roundoff  errors  during  the  solution  of  a  normal  equation 
system  of  some  350,000  unknowns.  Two  families  of  computers,  repre- 
sented by  the  CDC  6600  and  the  IBM^360,  are  considered.  A  linear, 
statistical  model  of  roundoff  error  propagation  is  used.  Special  features  of 
the  U.S.  network  are  taken  into  account.  The  inverse  of  the  normal 
equations  is  estimated  by  a  simulation  model.  It  is  predicted  that  the 
numerical  process  of  solving  the  system  will  not  be  unduly  perturbed  by 
roundoff. 

Purpose 

We  are  dealing  with  a  symmetric  and  positive  definite  system  of  linear  equations 


Ax=b  (1) 

resulting  from  the  least-squares  adjustment  of  the  U.S.  ground  control  network. 
The  number  of  unknowns  is  about  n  =  350,000.  The  unknowns  are  latitude  and 
longitude  corrections  to  some  175,000  stations.  Orientation  unknowns  are  elimi- 
nated in  the  usual  fashion  when  the  contributions  of  the  individual  direction- 
bundles  to  the  normal  equations  (1)  are  assembled.  Cholesky's  method  will  be  used 
to  solve  the  normals.  Formation  and  solution  of  the  system  will  be  organized 
according  to  the  Helmert  blocking  scheme.  The  prime  purpose  of  this  study  is  to 
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predict  the  roundoff  error  accumulation  during  the  solution  of  the  normal 
equations. 

This  paper  provides  only  an  outline  of  the  work  done.  Full  details  will  be  given 
in  a  forthcoming  NGS  publication. 

Method 

To  keep  this  outline  simple,  we  pretend  that  the  whole  set  of  normal  equations 
is  formed  before  Cholesky-reduction  starts.  Helmert  blocking  amounts  then  to 
nothing  more  than  prescribing  a  certain  ordering  scheme  of  the  stations,  or 
equivalently,  a  certain  ordering  of  the  normal  equations  and  unknowns.  Helmert 
blocking  does  actually  more;  it  also  interferes  with  the  process  of  forming  the 
normals,  and  not  only  with  the  process  of  solving  them.  However  these  details  are 
rather  marginal  as  far  as  their  impact  on  the  roundoff  is  concerned,  and  their 
discussion  will  be  given  in  the  detailed  report. 

Starting  from  the  original  normal  equations 


2,auXj=bhi  =  l,...,n 


(2) 


Cholesky's  method  derives  a  triangularized  system 


^ruXj  =  sh  i=l,.  .  .,n 

j  =i 

by  means  of  the  following  set  of  formulas: 


"it  =  \Jau  ~  2  rh 


k\ 


i     1 

'a  =  (au  ~  X  rkirkj)/ribj=i+l,.  .  .,rc 

k=i 


Si   =  {bt  -  X  rkiSk)/ru 

k=i 


(3) 


r  ;=!,. .  .,n 


.4) 


which  is  then  solved  by  back-substitution 

n 

x,  =  (s,  -    2    ru*iVrm  i  =  ' 1 


(5) 


The  overwhelming  majority  of  elementary  computational  steps  is  carried  out 
during  the  "triangular  decomposition  phase"  described  by  equations  (4).  In  case  of 
the  U.S.  network  it  is  estimated  that  about  0.6*10n  product  terms  rkirkj  are 
calculated,  accumulated  to  about  1.4*108  partial  sums 


rki  rkj 


(6) 
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which  are  subsequently  subtracted  from  the  c^'s.  These  numbers  reflect  already 
the  great  saving  in  storage  and  computation  time  which  occurs  due  to  the  special 
sparseness  structure  of  the  system  (1)  and  due  to  the  effective  exploitation  of  this 
structure  by  the  Helmert  blocking  technique.  There  are  other  operations  during 
the  triangular  decomposition  phase.  The  square  root  of  the  diagonal  elements  is 
taken,  the  offdiagonals  are  divided  by  the  diagonals,  and  finally  there  are  the 
operations  involving  the  right-hand  sides.  The  number  of  square  roots  is  n  = 
350,000.  The  number  of  divisions  of  left-side  coefficients  is  about  1.5*108.  This  is 
also  the  approximate  number  of  product  terms  rkisk  to  be  evaluated  in  order  to 
reduce  the  right-hand  sides.  Furthermore,  there  are  n  =  350,000  divisions  involving 
the  right-hand  sides.  All  these  numbers  are  minuscule  compared  to  the  0.6*  10 n 
left-side  product  terms.  The  same  may  be  said  about  the  "backsubstitution  phase" 
as  described  by  equation  (5).  It  involves  about  1.4*108  product  term  evaluations 
and  a  comparable  number  of  subtractions.  The  350,000  divisions  hardly  count. 

Not  only  is  the  number  of  computational  steps,  and  consequently  the  number 
of  roundoff  errors,  greatest  during  the  triangular  decomposition  of  the  matrix  A, 
also  the  largest  roundoff  errors  will  arise  there.  This  is  due  to  certain  outliers 
among  the  coefficients  a0  which  exceed  the  rest  of  them  in  size  by  2  to  3  powers  of 
10.  The  outliers  are  caused  by  weight  singularities,  i.e.,  by  a  comparatively  small 
number  of  very  accurate  observations.  There  will  be  no  such  outliers  among  the 
right-hand  sides. 

From  these  reasons  and  from  the  desire  to  restrict  attention  in  this  outline  to 
essentials,  we  shall  be  presently  only  concerned  with  the  roundoff  errors  arising 
during  the  evaluation  of  the  expressions 

!—  1 

a  a  ~  2  rkirki,  (7) 

/c=i 

Numerical  noise  during  the  calculation  of  (7)  will  be  the  limiting  factor  to  the 
accuracy  of  the  solution  of  the  linear  normal  equations. 

Two  Computer  Families 

It  is  assumed  that  all  calculations  are  done  in  floating  point  with  mantissas  of 
a  fixed  length  of  r  digits.  Let  (3  denote  the  base  of  the  number  system  in  use.  A 
floating  point  number  is  then  represented  as 


The  signed  integer  exponent  is  denoted  by  e.  Of  course,  only  the  signed  mantissa 
and  the  signed  exponent  are  stored.  We  shall  assume  that  floating  point  numbers 
are  normalized  which  means  that  the  leading  digit  of  the  mantissa  is  different  from 
zero.  An  exception  is  only  the  number  zero  itself  which  has  a  special  representa- 
tion. 

Two  families  of  computers  are  considered  in  this  study.  The  first  one  is 
represented  by  the  the  CDC  6600,  whereby  it  is  assumed  that  the  instruction  set 
for  true  rounding  is  consistently  used.  The  standard  CDC  6600  instruction  set 
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performs  chopping  rather  than  true  rounding.  If  it  is  set  into  effect,  the  CDC  6600 
is  not  considered  a  member  of  our  first  family.  On  the  CDC  6600  we  have  /3  =  2 
and  r  =  48.  Rounding  is  true  with  some  slight  flaws  which  we  now  ignore. 

The  second  computer  family  is  represented  by  the  IBM  360.  The  base  is  /3  = 
16  and  the  mantissa  length  is  r  =  14,  assuming  that  double  precision  is  used 
consistently.  The  arithmetic  performs  true  chopping  with  some  flaws.  Infrequently 
it  may  happen  that  the  result  of  an  addition/subtraction  differs  from  the  truly 
chopped  one  by  one  unit  at  the  last  position.  In  this  case  the  result  is  larger  in 
magnitude  than  the  mathematical  result. 

Elementary  and  Local  Roundoff  Errors 

An  elementary  operation  is  an  addition,  a  subtraction,  multiplication,  or 
division.  Assuming  that  the  two  operands  a,  b  are  correct,  and  that  a  o  b  is  the 
mathematically  correct  result,  while  a  (ojb  is  the  computer's  answer,  the 
elementary  roundoff  error  e  is  defined  as 


G06  -a  ob.  (8) 


We  adopt  a  random  model  for  the  elementary  roundoff  errors,  aiming  to  obtain 
estimates  for  bias  (expectation,  mean  value)  E  [e]  and  standard  deviation  (r.m.s.  — 
root  mean  square  error)  cr  [e].  We  do  not  assume  that  the  operands  a,  b  are 
random,  at  least  not  what  their  leading  digits  concerns.  Only  the  trailing  digits  of 
the  operands  are  visualized  as  random,  depending,  in  the  case  of  the  U.S.  network, 
on  the  choice  of  approximate  station  positions  and  other,  arbitrarily  chosen, 
reference  values.  We  are  led  to  view  elementary  roundoff  errors  as  random 
variables  with  uniform  distribution  in  an  interval  whose  boundaries  depend  on 
operation  and  operands.  On  the  CDC  6600,  the  interval  is  centered  at  the  result 
a  o  b.  There  is  no  bias;  E  [e]  —  0,  except  for  certain  exceptional,  but  harmless 
cases,  as  for  example  those  where  |6|  <  |a|*/3^.  The  length  of  the  interval  does  not 
exceed  c*/3~T,  where  c  =  (3y  is  the  smallest  integer  power  of  the  base  (3  which  is 
larger  or  equal  to  \a\,  \b\,  |a±6|,  in  case  of  addition/subtraction,  or  larger  or  equal 
to  \a*b\,  \a/b\,  in  case  of  multiplication/division.  Since  the  standard  deviation  of  a 
uniformly  distributed  random  variable  equals  the  interval  length  divided  by  \/12, 
we  assume  cr[e]  =  c  I  Vl2*2-4K  on  the  CDC  6600. 

The  IBM  360  represents  nearly  a  truly  chopping  machine.  On  such  a  machine 
the  bias  E  [e]  may  be  as  bad  as  —  c/2*16~14.  The  standard  deviation  may  amount 
toe  /    \/l2*16-14. 

The  reader  will  find  more  detailed  explanations  in  a  forthcoming  NGS 
publication.  Here  it  suffices  to  gain  an  intuitive  understanding  for  the  elementary 
roundoff  errors,  their  dependency  on  size  of  the  operands  and  result  in  case  of 
addition/subtraction,  whereas  in  case  of  multiplication/division  only  the  size  of  the 
result  is  relevant.  This  distinction  has  to  do  with  the  most  dreaded  wiping  out  of 
leading  digits  which  may  occur  during  addition/subtraction,  but  never  during 
multiplication/division.  Also  the  bias  which  turns  up  in  case  of  a  not  truly  rounding 
machine  cannot  be  emphasized  enough. 

An  essential  further  assumption  is  that  all  elementary  roundoff  errors  are 
stochastically  independent.  This  will  be  important  when  accumulation  and  propa- 
gation of  the  elementary  roundoff  errors  will  be  studied. 
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Occasionally  certain  batches  of  elementary  roundoff  errors  will  have  a 
combined  effect  which  is  most  conveniently  considered  as  an  entity  in  the 
subsequent  analysis.  Examples  are  roundoff  errors  affecting  a  square  root  or  the 
result  of  a  product  sum  calculation.  Such  roundoff  errors  will  be  called  local.  In  a 
wider  sense  they  also  include  unbatched  elementary  roundoff  errors. 


Global  Roundoff  Errors 

Let  us  first  examine  the  global  effect  of  a  single  elementary  roundoff  error 
occurring  during  the  evaluation  of  (7).  Assume  then  that 


2*    rkirkj 
k=i 


(9) 


has  been  evaluated  correctly,  as  well  as  the  product  term  rinrt,j.  But  when  this 
term  was  added,  a  roundoff  error  —  €y  occurred,  causing  the  result  to  be  falsified 


I 


rki  rkj 


(10) 


Assuming  that  no  further  roundoff  error  was  committed  during  all  subsequent 
operations  of  triangular  decomposition  and  backsubstitution,  let  us  try  to  determine 
the  effect  of  the  single  elementary  roundoff  error  e0  onto  the  final  result. 

It  is  one  of  the  great  merits  of  Wilkinson's  having  pointed  out  that,  rather  than 
to  propagate  the  error  forward  through  all  subsequent  computations,  it  is  much 
simpler  to  trace  it  backwards  to  the  original  system.  Assume  that  all  previous 
operations  are  performed  backwards,  of  course,  with  no  additional  error.  The 
surprising  result  is  that  the  original  system  is  just  perturbed  by  €0  at  the  position 
(i,  j).  The  coefficient  a  u  is  replaced  by  a  u  +  €,>  Due  to  symmetry  and  since 
Cholesky's  algorithm  works  only  with  the  upper  diagonal  portion  of  the  matrix  A, 
we  also  must  assume  that  aix  is  perturbed  by  e„.  Hence  the  perturbed  system  looks 
as 


a  ii 
a /i 
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lb  J 

(11) 


In  more  condensed  notation: 


(A  +  e)  (x  +  0  =  b 


(12) 


The  solution  of  the  perturbed  system  gives  us  the  global  roundoff  error  £  which 
superimposes  itself  upon  the  true  result  x.  In  linear  approximation  we  get 


i  =  -A'1  ex. 


(13) 
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The  further  procedure  is  quickly  outlined.  If  we  work  in  linear  approximation,  we 
may  study  the  isolated  effect  of  any  individual  roundoff  error  separately,  and  we 
may  afterwards  superimpose  their  contributions  to  the  global  roundoff  error  £. 

As  an  intermediate  step  in  the  analysis,  consider  all  elementary  roundoff 
errors  occurring  during  the  evaluation  of  (7).  Superposition  may  immediately  take 
place  after  tracing  the  individual  elementary  roundoff  errors  backward.  The  result 
will  be  a  perturbance  of  au  and  aj(.  This  perturbance  is  again  denoted  by  e^; 
however,  this  time  e^  is  a  sum  of  as  many  as  fJLu  elementary  roundoff  errors  traced 
backwards.  Thereby  fxu  denotes  the  number  of  product  terms  in  (7)  which  are 
different  from  zero.  Having  reinterpreted  the  quantity  e„  in  a  way  that  now  it 
becomes  a  local  roundoff  error,  equations  (11),  (12),  and  (13)  are  formally 
unchanged. 

Finally,  consider  all  positions  (i,  j),  i  <  j,  and  all  local  roundoff  errors  arising 
there.  Then  (11)  no  longer  applies,  since  we  have  perturbances  at  more  locations. 
However  (12),  (13)  may  still  be  retained,  provided  that  now  we  view  e  as  a 
symmetric  matrix  of  local  roundoff  errors.  We  have  an  e^  different  from  zero  at  all 
"nonzero"  locations  (i,  j).  By  a  nonzero  location  we  mean  an  entry  (i,  j)  such  that 
either  a  y  =  0,  or  that  "fill-in"  occurs  at  {i,  j)  by  means  of  a  nonzero  product  term 
rkirkj  which  will  make  the  result  of  (7)  nonzero,  in  general.  Counting  nonzero 
locations  only  above  and  including  the  main  diagonal,  their  total  number  is  clearly 


77 


=  I  Mu  +  n  (14) 


The  total   number  of  nonzero   products  to   be   evaluated   and   added   during  the 
triangular  decomposition  phase  is 

r'  =  I  i>a.  d5) 


We  shall  be  concerned  with  the  numbers  it  and  P  later  on  when  we  discuss  the 
sparseness  structure  of  A  and  its  utilization  by  means  of  Helmert  blocking.  For  the 
time  being,  our  discussion  applies  to  a  sparse  system  as  well  as  to  a  full  one.  We 
return  to  (13)  and  write  it  with  A1  =  {fu)  as: 

C,=  I    Ifuxk€jk.  (16) 

j=l    k=l 

In  order  to  emphasise  that  ey  =  ej(  we  may  also  write  this  as 

n  n  n 

£«=  -S/o*j€jj-  2     2    (fiiXk+fikXj)ejk.  (17) 

j=l  j=l    k=j+l 

Application  of  the  conventional  laws  of  propagation  of  mean  and  standard  deviation 
of  mutually  independent  random  variables  results  in  the  following  equations: 

£[£,]  =  -!    ifaxkE[ejk]  (18) 

j=\    k=\ 
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<r'K,]=  i/^iO*2[6ij]+  2     £    (/"«**+/** J2 o-2.[€,d  (19) 

j=l  j=l     /c=j  +  l 


Cov  [£,,,£,]  =      lAJ^I^ksl 

+  1     i(/'i1i**  +  /vk*^Vw**+A**^<rt[«*]  (20) 

j=l      fc=j  +  1 

These  formulas  are  at  the  basis  of  the  roundoff  error  estimates.  Mind  that  they 
account  only  for  the  local  left-side  errors  eu  arising  during  triangular  decomposition. 
More  complete  formulas  are  specified  in  the  forthcoming  detailed  report.  Data  are 
needed  to  put  these  formulas  to  work.  Information  on  the  elements  fu  of  the 
inverse,  on  the  coordinate  shifts  xjy  and  on  the  size  of  the  elements  a0  and  the 
history  of  these  coefficients  during  reduction  must  be  gathered. 

Data 

A  roundoff  error  prediction  must  come  early;  otherwise  it  is  useless.  On  the 
other  hand,  at  the  present  early  stage  of  the  U.S.  network  adjustment,  many  data 
storage  and  retrieval  facilities  are  not  yet  operational.  Access  to  information  which 
would  lead  to  an  accurate  estimation  of  the  quantities  occurring  in  equations  (18) 
to  (20)  is  limited.  It  also  happens  that  the  boundaries  of  the  various  Helmert- 
blocks,  subdividing  the  U.S.  network,  are  not  yet  laid  out.  Fortunately,  roundoff 
error  estimation  means  playing  with  orders  of  magnitudes  rather  than  with  specific 
numbers.  In  this  light  the  subsequent  quantifications  of  certain  properties  of  the 
U.S  net  must  be  viewed.  It  really  does  not  matter,  for  example,  whether  the 
elements  fu  of  the  inverse  are  overestimated  by  a  factor  of  3,  or  if  most  coordinate 
shifts  Xj  are  anticipated  twice  as  large  as  they  will  actually  be.  Also,  the  counts  on 
77  and  I'  will  be  done  only  very  roughly. 

The  following  properties  of  the  U.S.  ground  control  network  are  considered 
most  relevant  to  the  roundoff  study: 

(1)  Size. — As  stated  already  earlier,  it  is  anticipated  that  there  will  be  about 
175,000  stations.  About  one-third  of  them  are  first-  and  second-order  triangulation 
stations  as  well  as  other  important  stations  which  contribute  significantly  to  the 
strength  of  the  network.  About  two-thirds  are  supplemental  and  do  not  significantly 
strengthen  the  network.  Procedural  simplicity  was  the  reason  to  keep  the 
supplemental  stations  in  the  adjustment,  rather  than  to  eliminate  them  prior  to  it, 
as  it  is  frequently  done  in  classical  network  adjustments. 

(2)  Type  of  observations . — It  is  estimated  that  there  will  be  2  to  3  million 
observations.  About  99  percent  are  (unoriented)  directions.  There  are  about  2,000 
to  30,000  distances  and  2,000  to  3,000  azimuths.  The  positional  fix  of  the  network 
will  be  established  by  about  130  Doppler  stations. 

(3)  Inhomogeneity. — The  density  of  stations  varies  from  0  to  3,000  stations  per 
1°  X  1°  quad. 

Another  source  of  inhomogeneity  is  the  variation  in  observational  weights. 
There  are  many  pairs  and  some  clusters  of  closely  situated  stations  which  are  tied 
together  by  very  precise  measurements.  The  corresponding  observational  weights 
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may  be  by  a  factor  of  100  to  1,000  larger  than  the  weights  of  the  ordinary 
observations.  As  a  consequence,  some  diagonal  elements  of  the  normal  equation 
matrix  A  will  be  exceptionally  large.  There  will  be  large  off-diagonal  elements  too, 
and  they  will  be  arranged  in  a  pattern  that  the  linear  system  has  undesirable 
numerical  properties. 

(4)  Structure . — In  some  of  its  portions  the  U.S.  network  renders  the  picture  of 
a  system  of  directional  chains.  In  other  portions  we  deal  with  an  areal  directional 
network.  Baselines  are  arranged  at  distances  usually  not  exceeding  100  to  200  km. 
A  unique  feature  are  the  transcontinental  traverses.  About  130  Doppler  stations 
are  distributed  quite  uniformly  over  the  network. 


Estimation  of  the  Inverse 

A  finite  element  model  was  set  up  with  the  purpose  to  simulate  the  global 
features  of  the  inverse  F  of  the  normal  equation  matrix  A.  The  375,000  station 
parameters  were  replaced  by  780  coordinates  of  the  corners  of  2°  by  2°  quads.  The 
loss  of  a  large  number  of  parameters  amounts  mostly  to  a  loss  of  local  detail  which 
must  be  guessed  from  local  adjustment  and  from  theoretical  insight  based  on  the 
structural  properties  of  the  net.  It  was  deduced  that  only  an  insignificant  portion  of 
the  adjusted  coordinates  will  have  an  r.m.s.  error  above  30  cm.  This  means  that 
|/y|  <  0.32  =  0.1  m2.  Covariances /y,  i  =  j,  will  be  below  0.025  m2,  provided 
that  the  stations  belonging  to  the  coordinates  i,  j  are  at  a  distance  larger  than  300 
km.  These  estimates  are  considered  conservative.  In  many  parts  of  the  networks, 
in  particular  in  those  with  areal  networks  of  good  accuracy,  r.m.s.  coordinate 
errors  are  expected  below  15  to  20  cm. 


Estimation  of  77,  P 

A  preliminary  blocking  scheme  was  designed  and  used  to  get  a  rough  idea  of 
7T,  the  number  of  nonzero  left-side  locations,  and  P,  the  number  of  nonzero  left- 
side product  terms  during  triangular  decomposition.  Essentially  the  number  of 
stations  per  1°  x  1°  quad  was  used  as  input  to  the  counts  of  rr  and  P.  Missing 
information  had  to  be  replaced  by  hypothetical  assumptions.  It  was  found  that 
7r  —  1.4  *  108  and  V  =  0.6  *  1011.  These  numbers  may  be  off  by  a  factor  of  3  or 
more.  However,  it  is  expected  that  the  true  numbers  will  be  rather  smaller  than 
the  given  ones. 


Estimation  of  the  Coordinate  Shifts 

Coordinate  shifts  which  must  be  expected  during  the  first  iteration  were 
estimated  in  a  study  by  Vincenty  (1976).  Comparing  Doppler  positions  with  current 
coordinates,  and  taking  a  datum  shift  into  account.  Vincenty  found  that  the 
coordinate  shifts  will  be  mostly  below  5  m.  In  the  northeastern  States,  as  well  as  in 
Montana,  larger  shifts  must  be  expected.  The  largest  shifts  will  be  below  15  m. 
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Estimation  of  Local  Roundoff  Errors  During  Triangular 
Decomposition 

A  necessary  prerequisite  for  the  estimation  of  mean  and  standard  deviation  of 
the  local  roundoff  errors  e^  is  a  rough  knowledge  of  the  size  of  the  operands  of  the 
elementary  operations  which  cause  the  elementary  roundoff  errors  whose  superpo- 
sition is  €«.  It  is  necessary  to  get  an  idea  of  the  size  of  the  coefficients  au  in  the 
original  matrix  ,4  and  of  the  product  terms  r pir ,}j  and  the  partial  sums  (9)  which  are 
evaluated  during  triangular  decomposition. 

If  one  disregards  the  very  precise  measurements  which  cause  the  earlier 
mentioned  weight  singularities,  the  size  of  a  typical  diagonal  element  a„  will  be 
around  104  m  ~2.  (The  normals  will  actually  be  scaled  to  arcseconds  of  latitude  and 
longitude,  but  we  prefer  to  scale  everything  to  the  meter  during  our  discussion. 
The  scale  factors  of/(j  cancel  against  those  of  e  (j  in  equations  (18)  to  (20).)  The 
offdiagonal  elements  a0  are  of  a  similar  magnitude  if  they  are  not  bound  to  be  zero. 

The  weight  singularities  cause  some  diagonals  to  be  excessively  large,  going 
up  to  106  -  107.  There  are  also  offdiagonals  of  this  size,  but  all  large  coefficients 
will  be  confirmed  to  small  submatrices  of  A,  each  having  only  a  few  rows  and 
columns. 

The  product  terms  r „,  r t)j  and  the  partial  sums  (9)  can  be  best  understood  if 
their  geodetic  meaning  is  revealed.  This  is  best  done  if  the  "partially  reduced" 
coefficients  a^are  introduced  by 


aU     =  ati  ~    L   rki  rkj  . 
k=i 


1  rki  rkj .  (21) 


These  coefficients  appear,  together  with  b{g]  if  Cholesky's  algorithm  is  organized  in 
a  different  way,  namely  with  aljj)=  au  and   b\l))=  6,  as: 


v<~,> 


<-1)/rpp,y=p+l,  .  .  .,rc 

(22) 
sv  =b\?  l)/rpp  }p=l  .  .  .,rc 

Executed  in  this  way,  Cholesky's  algorithm  differs  from  Gauss's  algorithm 
only  in  that  respect  that  the  square  roots  of  the  diagonals  are  taken.  We  can  now 
make  the  following  statements: 

(*)  a\f\  i  >  p,  is  the  reciprocal  value  of  the  variance  of  coordinate  No.  i, 
provided  that  the  coordinates  No.  k,  p  <  k  <  n,  k^i,  are  fixed,  while  the 
coordinates  k,  1  <  k  <  p,  as  well  as  coordinate  i  itself,  are  allowed  to  vary  freely. 

(*)  -  affi  I  a\f\  i,  j  >  p,  i^j,  is  the  shift,  with  respect  to  the  adjusted  position, 
suffered  by  coordinate  i  if  coordinate  j  is  displaced  by  one  unit  from  its  adjusted 
position,  and  if  coordinates  k,  p  <  k  <  n,  k^i,  j,  are  fixed  to  their  adjusted 
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position,  while  coordinates  k,  1  <  k  <  p,  as  well  as  coordinate  i  itself,  are  allowed 
to  vary  freely. 

Based  on  this  insight  into  the  physical  meaning  of  the  partially  reduced 
coefficients  a(jf\  it  is  comparatively  easy  to  make  qualitative  statements  about  the 
history  of  these  quantities  during  triangular  decomposition. 

Some  of  these  statements  are  listed  below: 

(1)  Diagonal  elements  a\f]  always  decrease  when  p  increases.  This  is  obvious 
from  (21).  We  may  therefore  bound  the  diagonals  a \f)  in  terms  o(a\f  =  aih  i.e.,  in 
terms  of  the  diagonals  of  the  original  normals. 

(2)  If  coordinate  i  belongs  to  a  station  which  is  not  involved  in  a  high-precision 
measurement,  the  history  of  al$\  i  ^j,  0  <  p  <  i  —  1,  evolves  without  major 
drama.  The  diagonals  a\f]  will  in  most  cases  decrease  to  about  one-quarter  to 
three-quarters  of  their  original  size.  Only  equations  which  are  treated  at  the  very 
end  of  triangular  decomposition  are  an  exception.  Diagonals  may  then  drop  to 
about  101.  Offdiagonals  a\v\  such  that  a  u  ^  0,  will  not  change  drastically  either. 
Fill-in  coefficients  a$\  such  that  a  0  =  0,  will  be  small  in  most  cases. 

(3)  If  i  is  a  coordinate  of  a  station  which  is  involved  in  a  high-precision 
measurement,  there  are  a  few  very  large  coefficients  in  equation  No.  i.  These 
coefficients  may  or  may  not  drop  sharply  in  size  before  the  square  root  of  the 
diagonal  is  taken.  However,  in  any  cluster  of  tightly  connected  stations,  there  will 
always  be  a  few  coordinates  whose  coefficients  will  drop  sharply.  The  details  how 
this  all  interacts  with  roundoff  via  the  partial  sums  (21)  are  not  so  easily  spelled 
out.  In  this  context  also,  features  of  Helmert  blocking  which  have  been  suppressed 
in  this  introduction  come  into  play.  We  therefore  merely  indicate  that  the  adverse 
effect  of  the  large  coefficients  upon  the  roundoff  is  very  much  subdued  if  all 
stations  of  a  tightly  connected  cluster  are  treated  in  immediate  succession.  The 
adverse  effect  could  be  reduced  to  a  minimum  if  certain  modifications  to  the 
N.G.S.-Cholesky  algorithm  were  done.  We  feel  however  that  even  without  these 
modifications,  which  would  slow  down  the  computation  somewhat,  the  solution  of 
the  normals  of  the  U.S.  network  is  a  safe  procedure. 

The  marked  difference  in  size  among  the  left-side  coefficients  ay  of  the  normal 
equations  suggested  an  estimation  procedure  which  dealt  with  the  coefficients  of 
large  size  and  of  moderate  size  separately.  An  important  aspect  is  that  the 
coefficients  of  large  size  are  much  less  in  number.  Also  their  number  does  not 
significantly  increase  during  elimination. 

The  estimates  specified  in  the  next  section  were  derived  by  a  crude  evaluation 
of  formulas  (18)  and  (19).  Instead  of  dealing  with  the  contributions  of  the  individual 
stations  separately,  a  2°  by  2°  quad  partition  of  the  United  States  was  considered, 
and  average  contributions  to  £[£,],  0"[f  J  of  all  stations  in  such  a  quad  were 
estimated.  These  average  contributions  are  based  on  averages  of  the  elements  of 
the  inverse,  of  the  coordinate  shifts,  the  size  and  number  of  coefficients  al£\  and, 
finally,  on  the  average  number  of  elementary  operations  which  cause  roundoff. 

Results 

Before  we  state  the  results  of  this  roundoff  study,  let  us  briefly  summarize 
some   essential    assumptions   on   which   the   results   depend.    We   include   also 
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assumptions  on  the  right-hand  side  coefficients  and  on  other  matters  which  have 
been  laid  down  in  this  outline. 

(1)  The  results  apply  to  the  U.S.  network  as  it  was  described  to  me  by  NGS 
members  in  1977.  The  features  listed  under  the  heading  DATA  are  essential. 
Other  networks  may  have  a  different  buildup  of  roundoff  errors. 

(2)  The  study  is  only  concerned  with  roundoff  errors  which  arise  and 
accumulate  during  the  solution  of  the  normal  equations  and  not  during  their 
formation.   To  be   precise,   it  is  assumed   that  the  normals   of  the  lowest-level 

Helmert  blocks  are  without  error.  It  is  not  anticipated  that  the  roundoff  errors 
which  occur  during  formation  of  the  lowest  level  normals  will  falsify  the  results 
more  than  those  treated  here. 

(3)  Helmert  blocking  is  done  in  a  way  that  fill-in  is  effectively  kept  down.  Our 
estimates  of  7r,  Y'  should  by  no  means  be  surpassed  by  a  factor  of  5  or  more.  It  is 
believed  that  a  judicious  choice  of  block  boundaries  (in  regions  of  low  station 
density)  will  result  in  smaller  it,  Y'  than  our  estimates  indicate. 

(4)  Seventy-five  percent  of  the  diagonals  a  n  are  below  1.8  *  104  m2  (if  normals 
are  considered  as  scaled  to  the  meter).  Twenty-five  percent  of  the  diagnonals  may 
go  up  to  4.5*  106.  These  large  diagonals  must  be  associated  with  pairs  or  small 
clusters  of  tightly  connected  stations. 

(5)  The  approximate  coordinates  of  tightly  connected  clusters  of  stations  must 
be  in  near  agreement  with  the  precise  measurements  which  cause  the  strong  ties. 
This  will  cause  the  right-hand  sides  of  equations  with  large  diagonals  to  be  around 
105m_1  or  below.  In  any  case,  approximate  coordinates  must  be  that  good  that 
right-hand  sides  do  not  get  larger  than  105  m"1. 

Under  these  assumptions  the  following  safe  bounds  for  the  global  roundoff 
errors  £,  suffered  by  coordinate  xt  during  the  first  iteration  can  be  made. 

Bias: 

0  on  the  CDC  6600 


Standard  deviation: 

■  .00005  m         on  the  IBM  360 


"  .0000007  m     on  the  IBM  360 

During  the  first  iteration,  maximum  coordinate  shifts  exceeding  10  m  are  antici- 
pated. Our  estimates  may  be  reformulated  by  saying  that  about  three  digits  of  the 
largest  shift  will  be  correct.  In  this  formulation,  the  estimates  hold  good  also  for 
the  subsequent  iterations  in  which  the  maximum  shift  will  be  much  smaller. 
Accuracy  does  not  increase  indefinitely  though.  Eventually  the  errors  during 
formation  of  the  normals  will  dominate  those  during  solution. 

If,  as  I  have  been  assured  repeatedly,  the  percentage  of  large  diagonals  is  not 
above  10  percent,  and  if  a  less  conservative  estimation  procedure  is  used,  the 
following  estimates  can  be  obtained.  However  only  a  95  percent  probability  is 
assigned  to  their  validity. 
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Standard  deviation:  It  is  believed  that  the  bounds  listed  above  can  be  decreased 
by  dividing  by  about  10. 

For  stations  which  are  situated  closely  together,  the  relative  position,  i.e.,  the 
differences  in  latitude  and  longitude  will  be  less  perturbed  by  roundoff  than  the 
absolute  positions  to  which  our  above  estimates  refer.  If  two  stations  are  at  a 
distance  of  20  km  or  less,  it  is  guessed  that  the  roundoff  bias  affecting  the  relative 
position  is  by  a  factor  of  1/100  smaller  than  the  roundoff  bias  affecting  the  global 
positions.  In  case  of  standard  deviations  the  factor  is  smaller  and  may  be  only 
below  1/10. 
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Discussion 

Schwarz:  Would  it  be  possible  to  compensate  for  inadequacies  of  computer  hardware  by  designing 
compensating  software,  i.e.,  design  programs  that  would  increase  the  accuracy  of  the  operations  and 
compensate  for  the  hardware?  For  instance,  if  accuracy  is  being  lost  because  of  accumulation  of 
truncation  error  with  a  nonzero  mean,  it  should  be  possible  to  compensate  for  this  loss  by  adding  back 
the  expected  value  of  the  truncation  error  through  software. 

Meissl:  This  is  possible  and  has  been  done  many  times.  To  model  rounding-off  via  software  is  one  way 
of  doing  it;  but  one  has  to  sacrifice  time  because,  instead  of  doing  the  arithmetic  operation  via  hardware, 
it  has  to  be  done  by  a  subroutine. 

Tscherning:  How  did  you  test  your  basic  statistical  hypothesis? 

Meissl:  By  experiment. 
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Abstract:  SOLV1  is  a  newly  developed  algorithm  that  identifies  rigid 
subnetworks  of  a  horizontal  network.  A  knowledge  of  these  subnetworks 
enables  one  to  select  a  minimal  set  of  constraints  for  nonsingular  normal 
equations. 

Introduction 

In  the  least-squares  adjustment  of  a  horizontal  network,  the  question  arises  as 
to  whether  or  not  the  observations  and  the  constraints  of  the  network  are  sufficient 
to  provide  nonsingular  (solvable)  normal  equations.  If  the  normal  equations  indeed 
prove  to  be  unsolvable,  then  it  becomes  important  to  easily  determine  which 
combinations  of  observations  and  constraints  may  be  added  to  ensure  solvability. 
In  the  past,  solvability  investigations  began  with  the  inspection  of  graphic  displays 
of  the  network.  However,  even  with  an  accurate  graphic  display,  this  method  is 
often  inefficient  for  large,  geometrically  complicated  networks.  With  the  require- 
ment to  validate  and  adjust  more  than  2  million  observations  for  the  1983  new 
adjustment  of  the  North  American  Horizontal  Control  Network,  the  National 
Geodetic  Survey  (NGS)  of  the  National  Ocean  Survey  has  developed  an  algorithm, 
SOLV1,  for  performing  an  automatic  solvability  analysis  of  horizontal  networks. 

Most  networks  encountered  by  NGS  adjust  with  little  concern  as  to  whether 
the  normal  equations  are  singular.  A  few  unsolvable  networks  are  created  by  the 
unintentional  omission  of  data  or  from  insufficient  knowledge  of  required  con- 
straints. The  omission  of  data  is  often  caused  by  station  misidentification.  The 
physical  displacement  of  records  can  also  result  in  missing  data,  but  this  has  been 
a  rare  occurrence.  Insufficient  knowledge  of  required  constraints  has  occurred 
with  secondary  networks  which  depend  for  control  on  positions  established  in 
previously  observed  primary  networks.  These  secondary  networks  include  surveys 
of  harbors  and  military  installations,  and  they  rely  heavily  on  the  resection  method 
to  position  new  stations.  To  successfully  adjust  these  networks,  it  is  necessary  to 
identify  which  stations  should  be  constrained  in  position.  Without  SOL VI  this  can 
be  a  tedious  manual  process  for  large  networks.  Insufficient  knowledge  of  required 
constraints  can  also  occur  in  a  network  created  by  combining  several  smaller 

347 


348  Richard  A.  Snay 

networks.  Combined  networks  would  not  yield  singular  equations  if  each  of  the 
individually  solvable  networks  was  included  in  its  entirety.  However,  in  combining 
networks  many  of  the  individual  network  constraints  are  removed  under  the 
assumption  that  their  need  is  eliminated  by  the  geometry  of  the  combined  network. 
When  this  assumption  fails,  an  unsolvable  combined  network  results. 

Definitions 

A  network  as  used  here  refers  to  a  set  of  unknown  parameters  together  with  a 
set  of  observations  and  constraints  which  establish  mathematical  relationships 
among  the  unknown  parameters.  A  horizontal  network  is  a  network  whose 
unknown  parameters  consist  of  coordinates  of  given  stations  referred  to  a  two- 
dimensional  datum  surface  along  with  so-called  orientation  unknowns.  The 
observations  and  constraints  are  either  numeric  values  for  the  station  coordinates 
or  for  the  distance,  direction,  or  azimuth  between  two  stations.  When  considering 
network  geometry,  there  is  no  essential  difference  between  an  observation  and  a 
constraint;  therefore,  the  two  words  will  often  be  used  interchangeably.  A 
horizontal  network  is  called  solvable  if  there  exists  a  set  of  initial  approximations  to 
the  unknown  parameters  for  which  the  resulting  linearized  system  yields  a  normal 
equation  matrix  of  full  rank.  A  rationale  of  this  definition  is  given  by  Snay  (1978). 
A  horizontal  network  is  called  rigid  if  it  becomes  solvable  with  the  addition  of  each 
combination  of  constraints  that  includes  one  distance,  one  azimuth,  and  one 
position  (both  coordinates).  It  follows  that  a  solvable  network  is  rigid. 

Mechanism  of  SOL VI 

A  network  consists  of  one  or  more  rigidity  components;  i.e.,  subnetworks  that 
are  rigid  in  themselves  but  which  are  not  part  of  any  larger  rigid  subnetwork.  The 
SOLV1  algorithm  identifies  the  rigidity  components  and  tests  if  they  contain  the 
necessary  elements  of  control,  namely,  scale,  orientation,  and  translation  control. 
Figure  1  illustrates  a  network  with  three  rigidity  components.  Table  1  displays 
information  that  SOLV1  would  provide  for  this  network.  In  figure  1  a  solid  line 
between  two  stations  represents  reciprocal  direction  measurements  between  the 
stations.  There  is  also  a  direction  observed  from  G  to  B,  and  distances  between 
stations  E  and  C,  and  stations  /  and  K,  and  an  azimuth  from  H  to  J.  The  triangle 
at  G  represents  a  position  observation  at  that  station.  With  the  results  of  table  1,  it 
is  easy  to  determine  a  minimal  set  of  constraints,  the  addition  of  which  would 
suffice  to  make  this  network  solvable.  One  such  set  is  to  constrain  the  distance 
between  stations  B  and  G,  and  the  azimuth  between  any  two  stations  in  rigidity 
component  1. 

SOL VI  uses  the  methodology  of  logical  geometry  as  defined  in  Snay  (1978). 
With  logical  geometry,  real  number  arithmetic  is  not  performed.  Instead  the 
geometry  of  the  network  is  tested  against  logical  conditions  which  are  known  to 
guarantee  solvability.  The  following  illustrates  such  a  condition.  A  network  with 
stations AUA 2,  .  .  .  ,An  is  solvable  if; 

1.  it  contains  an  observation  of  position  and  azimuth, 

2.  the  distance  between  A  ,  and  A2  is  observed,  and 

3.  for  each  /,  3  <  i ;  <  n,  there  are  distinct  positive  integers  j  and  k  less  than 
i  with  observed  distances  from  A{  ioAj  and  from  ,4,  \oAk. 
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FIGURE  1.  —  A  network  with  three  rigidity  components. 

If  a  network  is  not  solvable,  S0LV1  provides  for  each  rigidity  component:  a 
list  of  the  stations  in  that  component,  the  status  of  the  control  in  that  component, 
and  a  numeric  value  for  a  variable  called  IAZ.  Orientation  can  be  transferred 
between  rigidity  components  having  a  common  nonzero  value  of  IAZ.  Additionally, 
SOLV1  indicates  the  intersections  of  rigidity  components  and  identifies  the  stations 
in  these  intersections.  (Two  rigidity  components  contain  at  most  one  station  in 
their  intersection;  otherwise,  they  can  be  merged  into  a  single  rigidity  component.) 
Table  2  displays  the  SOL VT  output  obtained  for  a  horizontal  network  designated 
FORBES-AF.  This  142-station  network  was  observed  to  position  missile  sites  in 
relation  to  existing  stations  of  the  U.S.  horizontal  control  network.  An  attempt  to 
adjust  the  network  revealed  that  the  normal  equation  matrix  was  singular.  The 
network  was  then  evaluated  by  SOLV1  to  determine  additional  constraints  to  yield 
a  nonsingular  system  (without  overconstraining  the  observations  of  the  network). 
Figure  2  was  produced  solely  from  the  information  of  table  2.  With  table  2  and 
figure  2,  it  was  determined  that  one  set  of  minimal  control  for  the  network  consists 
of: 

1.  a  distance  between  stations  61  and  62, 

2.  a  distance  between  stations  52  and  94, 

3.  a  distance  between  stations  12  and  79,  and 

4.  an  azimuth  between  stations  79  and  81. 

Table  1. — Rigidity  components  for  the  network  of  figure  I . 

Control 

Rigidity  c 

■  stations 

component  ,  ^  .  c     , 

Location        Orientation  Scale 

1   A,B,C,D,E,F  no  no  yes 

2   B,G  yes  yes  no 

3   G,H,I,J,K,L  yes  yes  yes 
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Table  2.— Output  o/SOLV  I  for  FORBES-AF. 

Rigidity                                             T_-7*                 r»                  _-w  ■  o     i  No.  of** 

v                                                   IAZ*                 Point           Onentation  Scale 

component  stations 

1   5                     Yes                   Yes  Yes  131 

2  5                    No                    Yes  No  2 

3   5                    No                    Yes  No  2 

4  5                    No                    Yes  No  2 

5  5                    No                    Yes  No  2 

6   5                     No                     Yes  Yes  3 

7   5                    No                    Yes  No  2 

8   0                    No                    No  Yes  3 

9  5                    No                    Yes  Yes  4 

*  Azimuth  can  be  transferred  between  components  with  a  common  nonzero  value  for  IAZ. 
**  The  computer  printout  contains  the  identifiers  of  the  stations  in  the  separate  components. 


Components 

Station  in 
intersection 

1  and  2 

61 

12 

1  and  7 

52 

2  and  6             _______ 

62 

3  and  4 

114 

3  and  8 

81 

4  and  5 

79 

4  and  8 

79 

5  and  8 

79 

7  and  9 

94 

Diagrams  such  as  figure  2  are  constructed  as  graphic  aides  to  interpret  data 
printed  out  by  SOLV1.  Each  oval  represents  one  rigidity  component.  Ovals 
intersect  when  the  respective  rigidity  components  intersect.  The  numbers  within 
intersections  of  the  ovals  are  the  identifiers  of  the  stations  common  to  intersecting 
components.  The  roman  numerals  identify  the  components.  Short  arrows  between 
interesting  ovals  indicate  that  orientation  can  be  transferred  between  the  corre- 
sponding rigidity  components.  The  following  symbols  are  used  to  indicate  control 
within  a  rigidity  component: 


/ 


orientation  control 


-f-f- —  scale  control 

i  translational  control 


Figure  3  is  the  graphic  representation  of  the  output  obtained  from  SOLV1  for 
the  network  MCCONNELL.  For  this  network,  any  one  of  several  different  distance 
constraints  would  provide  minimal  control,  e.g.,  the  distance  between  stations  17 
and  56. 
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Figure  2. — Graphic  representation  of  the  information  provided  by  SOLVl  for  network  FORBES-AF. 


Evaluation  of  SOL VI 

The  following  criteria  are  proposed  for  evaluating  a  solvability  checking 
procedure: 

1.  The  procedure  should  require  significantly  less  resources  than  the  process 
of  obtaining  the  least-squares  solution  itself. 

2.  The  procedure  should  be  foolproof  in  distinguishing  between  solvable  and 
unsolvable  networks. 

3.  The  procedure  should  provide  sufficient  information  concerning  the  geom- 
etry of  a  network  for  effective  analysis  of  unsolvable  networks. 

With  respect  to  the  first  criterion,  records  have  been  kept  for  the  time  that 
SOLVl  has  been  used  in  production.  This  information  compares  the  computer 
time  required  to  perform  a  solvability  analysis  vs.  the  computer  time  required  to 
perform  an  adjustment.  TRAVIO,  the  NGS  adjustment  program  (Schwarz  1978) 
was  used  during  this  evaluation.  Figure  4  illustrates  the  results  obtained  with  a 
CDC  6600  computer.  For  TRAVIO,  the  central  processing  unit  time  (CPU)  was 
found  to  be  approximately  a  linear  function  of  the  number  of  stations  in  the 
network.  This  time  includes  reducing  the  observations,  ordering  the  unknowns, 
constructing  the  normal  equations,  and  obtaining  a  noniterated  solution.  The  CPU 
time   for  SOLVl   depended   exponentially  on   the   square  root   of  the   number  of 
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FIGURE  3.  — Graphic  representation  of  the  information  provided  by  SOLV1  for  the  network 

MCCONNELL. 


stations.  From  figure  4  it  is  concluded  that  for  networks  with  less  than  200  stations, 
the  SOLV1  algorithm  requires  significantly  less  computer  time  than  the  adjustment 
algorithm  on  the  basis  that  it  runs  in  half  the  time.  For  networks  containing  200  to 
700  stations,  the  times  of  both  algorithms  are  comparable.  The  solvability  algorithm 
is  inefficient  for  networks  containing  in  excess  of  700  stations. 

There  are  about  5,000  individual  horizontal  projects  in  the  NGS  archives.  A 
sample  consisting  of  363  of  these  revealed  that  91.5  percent  have  fewer  than  200 
stations,  7.7  percent  have  between  200  and  700  stations,  and  0.8  percent  has  more 
than  700  stations.  Thus,  SOLV1  is  efficient  enough  to  be  used  for  most  present- 
day  production  requirements.  However,  in  the  near  future  NGS  will  be  combining 
these  networks  into  "Helmert  blocks"  of  about  1,000  stations  each.  The  question 
remains  as  to  whether  SOLV1  can  be  improved  to  analyze  these  combined 
networks  efficiently. 

Prior  to  its  development,  it  was  realized  that  the  SOLV1  algorithm  would  fail 
to  meet  the  second  of  the  three  criteria;  i.e.,  it  is  not  foolproof.  It  was  shown  by 
Snay  (1978)  that  an  algorithm  such  as  SOLV1  must  necessarily  include  an  infinite 
number  of  different  logical  tests  of  network  geometry  to  be  able  to  distinguish 
between  all  solvable  and  unsolvable  horizontal  networks.  SOLV1  admittedly 
contains  only  a  finite  number  of  logical  tests.  Due  to  the  possibility  of  rounding 
errors,  any  solvability  checking  procedure  based  on  real  number  arithmetic  can 
make  two  types  of  errors:  Unsolvable  networks  can  be  called  solvable  or  solvable 
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Figure  5. — A  network  which  S0LV1  does  not  recognize  as  solvable. 

networks  can  be  called  unsolvable.  SOLV1  only  makes  the  latter  type  of  error. 
Figure  5  illustrates  a  network  which  SOLV1  does  not  recognize  as  solvable.  The 
philosophy  in  designing  SOLV1  was  to  include  sufficient  logical  tests  to  check  all 
prevalent  network  geometries.  For  solvable  networks  with  unusual  geometry, 
SOLV1  will  determine  the  rigidity  components  as  best  it  can  and  print  them  out 
with  the  auxiliary  information  previously  described.  The  user  can  then  make  any 
further  geometric  tests  necessary  to  establish  the  network's  solvability  status. 

The  SOLV1  algorithm  is  successful  in  meeting  the  third  criterion.  Herein  lies 
the  value  of  SOLV1  in  a  production  environment.  When  the  normal  equations  of  a 
network  are  singular,  it  is  no  longer  necessary  to  expend  unnecessary  manual 
effort  in  looking  for  the  cause.  The  output  of  SOLV1  in  essence  summarizes  the 
geometric  status  of  the  network  from  the  solvability  standpoint. 
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Discussion 

Poder:  Did  you  use  linked  lists  in  your  computer  representation? 

Snay:  Yes,  because  I  wanted  to  make  the  program  as  computer-independent  as  possible. 

Poder:  Some  attention  should  be  paid  to  the  selection  of  numerical  techniques  in  the  solvability  analysis. 
It  may  turn  out  that  the  truncation  or  roundoff  error  would  swarm  the  real  problem,  causing  the  answer 
to  be  incorrect. 

Snay:  With  ill-conditioned  systems  and  roundoff  problems,  some  difficulties  were  experienced  with  the 
numerical  techniques  built  into  TRAVIO.  In  particular,  certain  solvable  networks  with  poor  geometry 
failed  to  solve,  whereas  some  unsolvable  networks  solved. 

Meissl:  Does  failure  of  your  algorithm  in  certain  places  result  from  numerical  reasons  or  occasionally 
from  logical  reasons?  Why  is  your  algorithm  for  large  networks  less  efficient  than  solvability  analysis  by 
means  of  normal  equations?  Of  course  we  are  all  aware  that  solving  the  normal  equations  is  one  way  to 
do  solvability  analysis. 

Snay:  There  are  no  numerical  computations  performed.  Failure  is  due  only  to  logical  reasons.  We  have 
an  infinite  number  of  different  geometries.  In  the  leveling  case,  you  can  reduce  the  infinite  number  to  a 
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finite  number  of  repeated  situations  through  a  mathematical  induction  technique  because  each  rigid 
leveling  network  contains  a  rigid  subnetwork  with  one  less  station.  In  the  horizontal  case,  we  have  not 
found  a  way  to  reduce  the  infinite  to  the  finite.  You  can  have  a  rigid  network  that  has  no  rigid 
subnetworks  other  than  itself  and  simple  two-station  networks.  Since  the  algorithm  is  limited  to  testing 
for  only  finitely  many  geometries,  it  can  fail  to  detect  certain  geometries  which  yield  solvable  networks. 
In  answer  to  your  second  question,  the  inefficiency  of  the  algorithm  for  large  networks  results  from 
the  algorithm's  reliance  on  searching  and  sorting  procedures.  By  improving  the  algorithm  we  hope  to 
avoid  those  procedures  which  result  in  exponential  or  factorial  growth  in  execution  time. 
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Abstract:  This  paper  presents  an  overview  of  a  system  of  computer 
programs  for  the  solution  of  a  geodetic  network  of  36,000  stations.  The 
large  network  is  divided  into  subnetworks  of  about  1,200  stations  which 
are  adjusted,  and  these  subnets  are  sewn  together  with  Helmert  blocking. 
The  system  arranges  the  normal  equation  matrices  in  band  form.  A  panel 
structure  is  used  to  store  the  normal  equations  in  a  direct  access  data  set 
which  eliminates  the  need  for  large  segments  of  core  storage.  There  is 
provision  for  computing  only  those  elements  of  the  inverse  in  the  band  or 
alternately  any  selected  columns  of  the  inverse. 

Introduction 

The  Land  Registration  and  Information  Service  (LRIS)  has  the  responsibility 
to  redefine  a  secondary  network  containing  some  36,000  stations  in  the  three 
Maritime  Provinces.  From  the  outset  it  was  decided  that  the  adjustment  process 
would  be  as  rigorous  as  possible.  The  network  was  divided  into  approximately  30 
subnets  of  about  1,200  stations,  and  these  subnets  are  being  adjusted  separately 
and  will  then  be  sewn  together  using  Helmert  blocking.  The  senior  author  was 
contracted  to  develop  the  software  for  handling  and  solving  these  large  systems  of 
equations  and  to  apply  Helmert  blocking  to  sew  the  subnet  together. 

This  report  is  an  overview  of  the  system  and  follows  the  flow  shown  in  figure  1. 


Ordering  of  Stations 

The  first  step  in  the  adjustment  process  is  to  use  the  bankers'  algorithm  (Snay 
1976)  to  order  the  stations  within  each  subnet  in  order  to  minimize  the  average 
column  profile  of  the  normal  equations.  This  is  done  to  optimize  the  computation 
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of  the  Cholesky  root.  As  part  of  the  ordering  process,  the  stations  used  to  connect 
the  subnetworks  and  the  primary  stations  are  moved  to  the  end  of  the  station  list 
to  facilitate  the  Helmert-blocking  process. 

Formation  of  the  Observation  Equations 

Once  the  points  have  been  ordered,  the  observation  equations  and  misclosure 
vector  are  formed  simultaneously.  They  are  stored  on  a  tape  file,  in  compacted 
form,  for  later  use.  Any  observations  with  excessively  large  misclosures  are  flagged 
at  this  time  to  be  checked  manually  for  errors  in  the  observations  or  approximate 
coordinates.  It  is  also  at  this  step  that  the  observations  are  reduced  from  the 
terrain  to  the  ellipsoid. 

Vincenty's  inverse  equation  for  geodesies  on  the  ellipsoid  (Vincenty  1975)  are 
used  in  the  formation  of  the  misclosure  vector. 

Formation  of  the  Normal  Equations 

The  normal  equations  are  formed  sequentially  using  subsets  of  the  observation 
equations  where  a  subset  consists  of  equations  for  all  distances  or  azimuths 
measured  at  a  single  station  or  a  single  round  of  directions.  In  the  case  of  a  round 
of  direction  observations,  the  orientation  unknown  is  rigorously  eliminated  using 
the  scheme  developed  in  Steeves  (1974).  The  vector  of  absolute  terms  (U)  is  also 
formed  sequentially  at  the  same  time  the  normals  are  formed. 

It  is  at  this  stage  that  the  panel  matrix  is  first  used.  The  normal  equations  are 
stored  directly  into  the  panel  matrix  using  access  routines  written  by  the  senior 
author. 

Cholesky  Triangularization  and  Solution  of  Coordinates 

The  Cholesky  triangularization  and  solution  for  coordinates  is  done  by  a 
special  purpose  matrix  package  written  at  the  University  of  New  Brunswick  by  the 
senior  author  to  work  with  large  matrices  of  variable  bandwidth  pattern.  The 
matrices  are  stored  in  a  disk  file  in  20  by  20  panels.  The  empty  panels  are  not 
stored,  so  the  file  must  contain  an  index  of  panel  locations.  The  package  was 
designed  with  matrices  of  the  order  2,400  by  2,400  and  a  bandwidth  of  240  in 
mind;  it  will  handle  larger  matrices,  being  limited  by  computing  time,  disk  space, 
and  high-speed  storage  space  to  hold  the  index  of  panel  locations.  The  high-speed 
storage  requirement  is  modest.  (256  kilobytes  on  our  IBM  370  suffices;  320  is  more 
than  adequate.) 

The  speed  of  the  Cholesky  program  is  about  13  micro-seconds  per  multiplica- 
tion (IBM  370/158).  This  includes  the  loop  mechanics  associated  with  the 
multiplication.  The  number  of  multiplications  is  slightly  more  than  (rows)  x  (mean 
square  nonzero  elements  per  row)/2  where  "rows"  is  the  number  of  rows  in  the 
matrix,  and  the  number  of  nonzero  elements  in  any  row  are  to  be  counted  after  the 
Cholesky  triangularization. 

The  Cholesky  program  checks  singularity  and  ill  condition  by  comparing 
corresponding  diagonal  elements  of  the  original  symmetric  matrix  and  its  triangular 
square  root.  If  ill  condition  is  found,  a  warning  message  is  printed  and  the  diagonal 
elements  of  the  troublemaking  station  are  incremented  by  a  small  amount  to  allow 
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computation  to  proceed.  (It  is  perfectly  proper  for  the  equations  of  a  subnet  to  be 
singular;  it  is  common  for  a  station  within  the  subnet  to  have  only  one  observation 
to  a  station  outside  the  subnet,  resulting  in  the  second  station  being  undetermined.) 
Such  stations  do  not  really  have  anything  to  do  with  the  condition  of  the  subnet 
being  adjusted  and  should  not  be  allowed  to  stop  the  computation.) 

You  may  question  why  we  chose  to  form  the  normal  equations  at  all  when 
there  are  orthogonalization  methods,  numerically  more  stable,  which  dispense  with 
them  (Gentleman  1973;  Lawson  and  Hanson  1974).  Our  reason  was  twofold.  First, 
the  normal  equation — Cholesky  road  was  known  to  LRIS,  their  surveying  consult- 
ants, and  the  programmer.  To  attempt  any  other  method  would  have  required 
selling  it  to  the  client;  moreover,  all  our  experience  over  the  years  with  Cholesky 
methods  would  need  to  be  built  anew.  The  second  reason  arises  from  the  first.  We 
knew  well  how  to  take  advantage  of  matrix  sparseness  with  Cholesky  methods.  In 
principle,  orthogonalization  methods  too  can  take  advantage  of  sparseness.  But 
how  to  do  this  when  the  matrix  is  stored  in  a  more  or  less  elaborate  data  structure 
was  not  clear;  even  deciding  upon  the  appropriate  data  structure  would  be  hard. 

The  solution  of  the  system 

(symmetric  matrix)  x  (vector X)  =  (vector  U) 

is  a  separate  program  from  the  Cholesky  triangularization.  The  program  accepts 
the  Cholesky  triangle  and  the  ^/-vector  as  input  to  compute  the  solution.  This 
allows  the  use  of  iterative  refinement  (Forsythe  and  Moler  1967,  chapter  12)  ideas 
to  enable  one  to  iterate  against  nonlinearity  without  repeating  the  triangularization 
at  every  iteration.  However,  LRIS  has  decided  not  to  take  advantage  of  this 
possibility,  fearing  instability  of  short  lines. 


nversion 


Although  the  matrix  of  normal  equations  is  sparse,  its  inverse  will  be  full; 
computing  the  entire  inverse  is  prohibitive.  The  inversion  program,  part  of  the 
matrix  package  coded  by  the  senior  author,  computes  only  that  portion  of  the 
inverse  which  lies  within  the  variable  width  band  (of  the  matrix  of  normal 
equations).  This  contains  the  diagonal  elements,  the  ones  most  needed.  The 
algorithm  described  by  Knight  and  Steeves  (1974),  is  based  on  an  inversion  method 
described  in  Waugh  (1935)  and  in  Dwyer  (1951). 

The  matrix  package  also  provides  for  computation  of  any  single  column  of  the 
inverse  from  the  Cholesky  triangle.  (This  amounts  to  solving  a  single  system  of 
linear  equations.)  Also,  any  given  set  of  columns  of  the  inverse  can  be  solved 
together.  (This  requires  a  nonobvious  use  of  the  Cholesky  program  followed  by  one 
for  computing  the  inverse  of  a  triangular  matrix.)  Of  course,  this  is  economical 
only  for  small  sets  of  columns. 

Adjusting  With  and  Without  Primary  Control  Information 

As  mentioned  in  Fila  and  Chamberlain  (1978),  the  LRIS  net  must  tie  into  the 
primary  network. 

The  strategy  LRIS  uses  in  ordering  the  variables  of  the  normal  equations 
includes  putting  at  the  end  variables  pertaining  to  primary  control  stations.  This 
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allows  us  to  use  standard  matrix  partitioning  formulae  to  add  the  primary  control 
information. 

The  following  partitioning  formula  is   used.    Given   the   symmetric   positive 
definite  matrix,  N,  in  partitioned  form, 

IX,  Nl2 

[N2,       N22 
we  compute  its  Cholesky  right  triangle,  /?, 


«„ 


The  inverse  of  N  is  computed  as  follows:  First,  compute  the  bordering  portion  of 
T,  the  inverse  of/?, 


Second,  compute  the  inverse  of  Nu.  The  inverse  of  A^  is 


(Nnri  +r12  x7v 


T     xT    ' 
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M2    *   *  22 


Using  this  computation,  computing  a  new  inverse  for  a  changed  border  does  not 
require  repeating  the  entire  inverse  computation.  The  previously  computed  (inverse 
Nn),  which  forms  the  bulk  of  the  computation  if  the  border  is  small,  can  be  used 
again. 

The  above  method  applies  whether  the  primary  points  are  to  be  adjusted,  that 
is,  provincial  data  are  allowed  to  move  primary  control  points,  or  whether  the 
primary  points  must  not  move  and  computations  such  as  described  in  chapter  5  of 
Chamberlain  1977  must  be  done.  In  the  latter  case  the  computation  is  the  same 
save  for  one  change.  The  element  R22  of  the  R  is  replaced  by  (get  this)  a  multiple 
of  the  Cholesky  triangularization  of  the  inverse  of  the  corresponding  segment  of 
the  inverse  matrix  of  primary  normal  equations.  These  partition  formulae  will  also 
update  an  inverse  should  a  few  extra  stations  be  added  to  a  network  after  it  has 
been  adjusted  and  the  inverse  matrix  computed. 

Network  Sewing 

LRIS  plans  to  do  preliminary  adjustment  in  subnets  of,  say,  1,200  stations. 
These  must  be  rigorously  sewn  together  to  form  a  homogeneous  network  of  about 
36,000  stations. 

The  solution  of  coordinates  is  a  simple  matter  of  Helmert  blocking.  The  matrix 
package  has  facilities  for  this  purpose.  Helmert  blocking  requires  copying  pieces 
into  parts  of  other  matrices,  and  adding  pieces  of  matrices  to  pieces  of  other 
matrices;  a  program  is  provided  to  do  this.  (Because  of  the  data  structure  wherein 
matrices  are  stored,  this  is  not  trivial.)  Furthermore,  adjusting  a  network  in  parts 
implies  the  necessity  of  doing  part  of  a  computation,  then  later  restarting  it  where 
discontinued;  our  Cholesky  and  inversion  programs  have  this  ability. 
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Unfortunately,  we  know  no  way  to  make  practical  use  of  already  computed 
inverses  of  subnets  to  shorten  the  computation  of  the  large  36,000-station  network, 
as  Helmert  blocking  allows  us  to  make  use  of  already  computed  Cholesky  triangles 
of  subnets  to  shorten  the  computation  of  the  Cholesky  triangle  of  the  large  net. 
There  must,  it  seems,  be  a  large  inversion  computation  at  the  end,  although,  of 
course,  we  can  do  this  computation  a  little  at  a  time. 
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Meissl:  Does  your  program  utilize  the  fact  that  the  computer  in  Fredericton  is  a  virtual  machine? 
Mepham:  No.  Actually,  with  a  little  alteration  the  program  can  even  run  on  a  minicomputer. 

APPENDIX  I 

Table  1  shows  some  times  and  costs  for  running  the  programs  described  in 
this  paper.  AD  runs  were  made  on  an  IBM  370/158-2.  The  figures  in  the  column 
headed  CPU  TIME  are  the  actual  execution  time;  those  in  the  column  headed 
E  R  T  are  the  effective  run  time  and  reflect  charges  for  such  things  as  core  used 
and  input/output  operation.  The  cost  of  each  run  is  based  on  the  prevailing  rate  (at 
the  University  of  New  Brunswick)  of  $600  per  effective  run  time  hour. 

Table  1. — Summary  of  time  and  costs. 

Number  of  CPU  time  ERT  Cost 

stations  (seconds)  (seconds)  (dollars) 

Ordering 

Form  observation  equations 

Form  normals 

Find  Cholesky  Root    

Forward  and  back  solution    

Band  inverse 

N/A  =  Not  available. 


1,230 

23.8 

41.8 

6.97 

N/A 

N/A 

N/A 

N/A 

795 

42.3 

105.6 

17.60 

7% 

47.3 

108.6 

18.10 

795 

13.8 

33.0 

5.50 

N/A 

N/A 

N/A 

N/A 
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Portability  of  Matrix  Package 

These  programs  are  written  in  IBM  370  FORTRAN-H-Extended.  There  should 
be  no  serious  difficulty  in  setting  them  up  on  other  machines  of  the  IBM  360-370 
series.  A  couple  of  comments  are  in  order.  First,  tow  University  of  New  Brunswick 
subroutines  are  used.  Subroutine  "TRAPS"  is  used  in  several  places  to  turn  off 
floating  point  underflow.  Second,  subroutines  "GDATE"  and  "CPUTIM",  which 
interrogate  the  operating  system  timekeeper,  are  used  in  the  program  "UNBTIM", 
which  prints  a  time  stamp.  Both  of  these  cases  can  easily  be  isolated  and  fixed  as 
necessary. 

Converting  to  another  machine  is  another  story.  I  have  tried  to  be  reasonably 
clean  in  my  programming,  and  avoid  using  the  idiosyncrasies  of  the  particular 
machine.  Nevertheless,  the  programmer  looking  through  the  listings  will  certainly 
notice  such  things  as  the  use  of  "REAL*8"  where  portability  would  require 
"DOUBLE  PRECISION".  What  is  worse,  the  panel  location  directory  is  main- 
tained in  half-word  integer,  as  is  the  index  of  column  tops  in  each  panel. 
Conversion  will  certainly  require  the  better  part  of  a  man-month  on  the  part  of 
some  programmer. 

This  system  was  submitted  to  LRIS.  in  the  form  of  a  machine-stored  program 
library  of  source  code.  This  source  code  also  contains  material  for  testing  the 
programs;  anyone  planning  to  carry  these  programs  to  his  system,  IBM  or 
otherwise,  is  well  advised  to  obtain  this  as  well  as  the  programs  which  nominally 
comprise  the  system  herein  described.  This  program  library  is  handled  under  a 
proprietary  software  product,  "PANVALET",  and  its  availability  would  consider- 
ably help  the  programmer  moving  these  programs. 
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Abstract:  The  method  of  conjugate  gradients  (CG)  has  been  a  suitable 
algorithm  for  solving  special  large  sparse  sets  of  linear  equations.  Some 
typical  nets  associated  with  the  New  Adjustment  of  the  North  American 
Datum  were  used  for  testing  conjugate  gradients  and  comparing  them  to 
the  direct  solution  algorithm.  Furthermore,  it  is  shown  how  the  conver- 
gence behaviour  may  be  influenced  by  preconditioning  techniques. 


Method  of  Conjugate  Gradients 

The  solution  of  a  system  of  "n"  linear  equations  with  a  coefficient  matrix 
being  positive  definite  (positive  eigenvalues  only)  may  be  visualized  as  the 
minimum  of  a  scalar  quadratic  function  with  n  variables  or  as  the  center  of  an  n- 
dimensional  ellipsoid.  To  find  the  solution  of  the  equations  is  equivalent,  therefore, 
to  the  attempt  at  approaching  the  minimum  of  the  appropriate  quadratic  function 
or  to  approach  very  close  to  the  center  of  the  ellipsoid. 

The  basic  idea  of  the  method  of  conjugate  gradients  is  to  find  the  center  of  the 
ellipsoid  along  the  conjugate  gradient  directions.  Starting  from  an  offcenter 
position,  the  solution  process  may  be  described  by  the  following: 

(a)  Construct  stepwise  gradient  directions  of  the  function  to  be  minimized  and 
construct  a  set  of  conjugate  directions  with  the  aid  of  the  local  gradient  in 
each  step. 

(b)  Allow  for  changes  of  the  variables  along  the  conjugate  direction  in  each 
step  by  minimizing  the  function  locally. 

(c)  You  will  finally  arrive  at  the  center  of  the  ellipsoid,  i.e.,  at  the  solution  of 
the  linear  system  of  equations. 
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The   basic    formulas   for   each    iteration   of  the   algorithm    are   according   to 
Hestenes  and  Stiefel  (1952) 

Pi  =go  =r~Nx{) 
i  =  1,71       ex,      =f{N,phgi-1) 

Xj        =  Xf-i   +  Oil  Pi 

gi      =r-  Nx{ 
j3,      =h(ghgi^) 
Pi+i  =gi  +  Pi  Pi 

The  essential  amount  of  work  in  each  inner  iteration  is  the  multiplication  of  the 
coefficient  matrix  with  a  column  matrix. 


Characteristics  of  Conjugate  Gradients 

The  CG  process  is  more  an  iterative  method  than  a  direct  method. 

•  Theoretically,  the  number  of  iterations  equals  the  number  of  the  distinct 
eigenvalues  of  the  coefficient  matrix.  However,  round-off  errors  often  cause  much 
more  iterations  and  may  even  prevent  convergence  to  a  solution  within  a 
permissible  number  of  roughly  "2  n"  iterations. 

•  The  coefficient  matrix  remains  unchanged  while  processing  the  iterations, 
i.e.,  the  matrix  is  not  filled  up.  The  nonzero  elements  of  the  coefficient  matrix  may 
be  easily  predicted  in  advance  and  only  those  elements  have  to  be  considered  in 
the  calculation  process. 

•  It  may  be  favourable  even  to  avoid  setting  up  the  coefficient  matrix 
explicitly  by  applying  the  multiplication  of  the  matrix  times  column  matrix 
repeatedly. 

•  The  solution  vector  x,  of  the  i-th  step  is  a  better  estimation  of  the  final 
solution  than  each  solution  xt-k  (k  >  0),  because  the  function  to  be  minimized 
decreases  monotonically.  Therefore  the  solution  may  be  reached  in  less  than  n 
steps. 

•  Especially  with  nonlinear  problems,  where  the  solution  is  found  by  way  of 
a  repeated  solution  of  linear  equations,  it  is  feasible  to  solve  the  respective  linear 
system  only  in  the  region  of  validity  of  the  linearization  in  order  to  reduce  the  total 
amount  of  work  to  be  done. 

•  The  amount  of  computational  work  may  easily  be  determined  for  one 
iteration,  but  the  number  of  iterations  may  not  be  predicted  exactly. 

•  The  system  of  equations  may  not  be  divided  into  separate  sections  like 
"Helmert  blocking";  therefore  the  entire  system  of  equations  has  to  be  considered 
all  at  once.  This  restricts  its  application  to  systems  where  all  nonzero  coefficients 
of  the  matrix  can  be  stored  in  core  or  on  a  disk  simultaneously. 

•  A  basic  prerequisite  for  rapid  convergence  of  the  method  is  that  the  matrix 
be  well  conditioned.  For  an  ill-conditioned  system,  the  quadratic  function  becomes 
compressed   and   the   minimum   is   not   well   defined.    Roundoff   errors   may  occur 
especially  when  calculating  scalar  products  by  adding  large  numbers  to  small 
numbers. 
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Scaling  and  Preconditioning 

One  way  of  reducing  the  effect  of  roundoff  errors  is  to  change  the  form  of  the 
quadratic  function  to  be  minimized.  The  change  can  be  performed  by  scaling  the 
system  of  equations  in  such  a  way  that  all  new  diagonals  are  equal  to  one.  Scaling 
is  done  by  pre-  and  postmultiplying  the  matrix  with  a  diagonal  matrix  of  scaling 
factors.  Instead  of  the  system  of  equations 

Nx  -  r  =  0 

the  following  system  of  equations 

DNDx  -Dr  =  0  (*  =  Dx) 

is  solved  with  rv-    \       m     /at/-  -\ 

D{i,i)  =  1/  \ZN(i,i). 

Scaling  has  a  very  positive  effect  on  the  convergence  of  the  CG  method  if  the 
"flatness"  of  the  quadratic  function  is  caused  by  different  magnitudes  of  the 
unknowns. 

A  more  elaborate  method  of  changing  the  form  of  the  quadratic  function  is 
given  by  preconditioning  techniques  (Evans  1973).  Instead  of  using  a  diagonal 
scaling  matrix,  triangular  matrices  may  be  used  for  transformation,  e.g.,  the  upper 
part  of  the  coefficient  matrix  N. 

Evans  proposes  to  express  yV  as  I—L—L1  and  to  apply  D  =  {l—wL)x.  This 
yields  to  the  following  system: 

DNDTi-Dr  =  0  (x  =  DTx) 

By  applying  preconditioning  techniques,  twice  the  amount  of  computational  work 
has  to  be  done  in  each  iteration.  It  is  possible  that  an  accurate  result  may  be 
achieved  within  a  reasonable  number  of  iterations,  while  without  preconditioning 
no  convergence  is  obtained. 

Applications  and  Experimental  Results 

Figure  1  shows  a  trigonometric  net  of  third  order  with  390  positions,  distances, 
and  directions.  The  primary  observational  elements  are  distances.  Convergence 
was  achieved  within  30  seconds  on  a  CDC  6600  computer.  Two  linear  systems  of 
equations  were  solved  using  110  and  180  inner  iterations. 

Figure  2  shows  a  polygonal  net  of  fourth  order  with  about  700  stations  and 
2,700  observations.  Convergence  was  achieved  within  90  seconds  (430  iterations). 

Figure  3  shows  a  net  resulting  from  lower  order  tacheometric  surveys  with 
about  300  stations  and  1,200  observations.  Convergence  was  achieved  within  20 
seconds.  These  examples  ^tand  for  some  hundred  calculated  nets  of  similar 
configuration,  with  stations  ranging  between  20  and  about  3,000  with  similar  rates 
of  convergence. 

One  characteristic  attribute  of  these  nets  is  that  the  number  of  distances  does 
not  differ  much  from  the  number  of  directions.  For  this  case  the  number  of  fixed 
positions  does  not  influence  the  convergence  to  a  large  extent.  An  upper  bound  of 
the  number  of  iterations  could  be  given  by  50  percent  of  the  number  of  unknowns 
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Figure 


m  =  0.001 


Figure  2. 
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Figure  3. 


for  solving  one  linear  system  of  equations  to  a  given  accuracy.  Convergence  often 
occurred  in  less  than  10  percent  of  the  number  of  unknowns.  That  is  why  the 
method  may  be  applied  favourably  to  the  search  of  gross  errors — especially 
misidentifications — by  eliminating  observations  with  large  corrections,  solving  the 
system  of  equations  repeatedly,  and  checking  the  best  fit  of  the  eliminated 
observations  to  the  adjusted  coordinates  afterwards. 
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In  calculating  geodetic  networks  of  the  National  Geodetic  Survey,  which 
showed  much  more  observed  directions  than  observed  distances,  the  convergence 
rates  were  quite  different. 

Figure  4  shows  a  triangulation  type  network  with  287  stations,  1,200  directions, 
and  16  distances. 


Figure  4. 
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Holding  one  position  and  one  azimuth  fixed,  the  CG  method  failed  to  find  the 
result  to  a  given  accuracy  within  a  reasonable  number  of  iterations.  The  following 
diagram   (fig.    5)   shows   the   behaviour  of  convergence   for  the   net   adjustment. 
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Figure  5. 


Holding  five   positions   fixed,   the   method   converged   but   needed   much   more 
computer  time  than  a  direct  elimination  method. 
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A  similar  tendency  is  shown  for  the  net  in  figure  6.  It  consists  of  488  stations, 
2,204   directions,   and   399  distances.    Holding  45   boundary   points   fixed,   which 


Figure  6. 


means  fixing  the  scale  of  the  nets,  the  CG  method  converged  to  the  result  in  198 
iterations.  Figure  7  shows  this  behaviour. 
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Figure  7. 
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Figure  8  shows  a  polygonal  network.  The  CG  method  converged  in  much  less 
than  n  iterations. 


Figure  8. 


The  examples  show  that  the  CG  method  works  well  for  networks  where 
distances  are  the  primary  observational  elements  of  the  net.  They  show  also  that 
the  method  is  much  more  sensitive  to  inhomogeneities  of  the  observations  due  to 
different  weights  or  to  flexible  scale  than  direct  elimination  methods. 
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Applying  preconditioning  techniques  to  an  artificial  network  (fig.  9)  with 
fictitious  observations,  checks  were  made  to  determine  if  convergence  could  be 
achieved  or  accelerated  in  ill-conditioned  systems.  First,  all  observations — dis- 
tances and  directions — received  a  reasonable  weight  derived  from  an  a  priori 
accuracy. 


Figure  9. 
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Figure  10  shows  that  by  applying  preconditioning  convergence  can  be  achieved 
in  half  the  number  of  iterations  with  the  optimal  factor  being  unity  for  all  calculated 
examples.  Nothing  is  gained  in  this  case  because  twice  the  amount  of  work  is 
involved  by  applying  preconditioning. 
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Figure    11    refers   to   the   same   example.    All   long  distances   were   "down1 
weighted.  Only  the  short  distances  and  the  directions  got  a  high  weight. 
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In  this  case,  the  CG  method  failed  to  indicate  convergence  within  9  times,  2  n 
iterations.  The  Cholesky  algorithm  converged  after  4  linear  solution  processes  and 
so  did  the  preconditioned  CG  method  (factors  0.8  to  1.2)  after  5  linear  solution 
processes. 

Conclusions 

These  first  examples  show  that  by  applying  preconditioning  techniques  the 
application  of  the  CG  method  could  be  extended  to  problems  of  moderate  ill- 
conditioned  systems.  For  extremely  ill-conditioned  systems  it  is  still  not  as  reliable 
as  direct  elimination  methods. 

From  an  economic  point  of  view  the  CG  method  should  be  restricted  to  well- 
conditioned  systems  as  they  occur  with  predominant  distance  observations,  height 
difference  observations  as  special  distances,  and  to  geodetic  nets  of  lower  order 
which  have  to  be  fitted  into  an  existing  higher  order  net.  In  those  cases  the  CG 
method  is  quite  competitive  to  highly  developed  sparse  elimination  techniques, 
because  its  application  causes  no  numbering,  no  elaborate  storage  and  addressing 
techniques,  and  gives  a  result  in  a  very  small  number  of  iterations. 
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Discussion 

Ashkenazi:  How  did  you  use  the  conjugate  gradient  method  in  your  approach  to  obtain  parts  of  the 
inverse? 

Grundig:  I  used  a  special  starting  residual  vector  for  calculating  elements  of  the  inverse  and  obtained 
approximate  values,  say  95  percent  of  the  actual  value  of  the  diagonal  elements  of  the  inverse. 

Poder:  Does  the  program  recognize  blunders  that  may  lead  to  undefined  positions  of  one  or  more  points? 

Grundig:  The  program  can  recognize  singularity  by  using  a  starting  residual  vector  of  the  system  of 
equations  that  does  not  fit  into  the  solution  space  of  the  unknowns. 
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Abstract:  A  method  is  proposed  for  adjustment  of  directions  and 
distances  in  space  with  heights  held  fixed  and  without  reductions  of 
observations  to  the  ellipsoid.  Programming  hints  are  included  to  reduce 
the  time  needed  for  forming  observation  equations.  The  adjustments  can 
be  performed  in  the  rectangular  or  in  the  geographic  coordinate  system. 
This  method  is  simpler  and  faster  than  customary  methods. 


Introduction 

Adjustments  of  horizontal  networks  are  traditionally  performed  on  the  surface 
of  an  ellipsoid  of  revolution.  Directions  and  distances  are  reduced  to  this  surface 
before  they  can  be  used  in  an  adjustment  as  observations. 

The  problem  can  be  solved  in  a  more  straightforward  manner  without  reducing 
observations  to  any  computational  surface,  but  by  using  the  formulas  from  three- 
dimensional  geodesy  (Wolf  1963,  Mitchell  1963,  Heiskanen  and  Moritz  1967, 
Bomford  1971,  Rapp  1975,  and  others).  In  this  system  the  horizontal  adjustment  is 
performed  in  space  with  all  heights  held  fixed.  Astronomic  latitudes  and  longitudes, 
interpolated  if  necessary,  are  needed  at  all  stations  at  which  directions  are 
observed  (which  is  also  true  of  the  classical  method)  and  are  held  fixed.  The 
observations  are  horizontal  unoriented  directions,  astronomic  azimuths,  and  spatial 
distances.  There  are  two  coordinate  unknowns  per  station. 

In  any  method  that  divides  geodetic  computations  into  horizontal  and  vertical 
parts  the  accuracy  of  the  results  of  a  horizontal  adjustment  depends  on  the 
accuracy  of  geodetic  heights  which  in  turn  depend  to  some  extent  on  the 
knowledge  of  horizontal  positions.  The  adjustment  process  is  therefore  iterative. 
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The  proposed  method  of  handling  horizontal  adjustment  does  not  purport  to  remove 
this  requirement. 

NOTATION 

a  equatorial  radius  of  the  ellipsoid 

e  first  eccentricity  of  the  ellipsoid 

M  radius  of  curvature  in  the  meridian 

N  radius  of  curvature  in  the  prime  vertical 

<f>  geodetic  latitude,  positive  north 

X  geodetic  longitude,  positive  east 

h  height  above  ellipsoid 

0'  astronomic  latitude 

X'  astronomic  longitude 

A  astronomic  azimuth,  clockwise  from  north 

V  vertical  angle,  positive  upwards  from  astronomic  horizon 

S  spatial  distance 

Subscripts  1  and  2  denote  the  standpoint  and  the  forepoint,  respectively. 

GENERAL  EQUATIONS 

Transformation  of  $,  X,  h  to  x,  y,  z: 

x  =  (N+h)  cos  </>  cos  X  (la) 

y  =  (N+h)  cos0  sin  X  (lb) 

2  =  [A^(l-e2)+/i]sin(/)  (lc) 

Transformation  of  x,  y,  z  to  (f>,  X  (Bowring  1976).  e  is  the  square  of  second 
eccentricity  and  b  is  minor  semiaxis. 


p  =  V(x2+y2)  (2a) 

tana  =  {zip)  {alb)  (2b) 

2  +  e  b  sin3a 

tan  4>  = (2c) 

p  —  el  a  cosJ  u 

tan  X  =  ylx  (2d) 

Inverse  solution  in  space: 

<?!  =  -Ax  sinX',  -I-  Ay  cosX',  (3a) 

P1  =  -  sin  (f)'{Ax  cos  X',  +  Ay  sin  X't)  +  A2  cos  <t>' x  (3b) 

tan /I,  =(?,//>,  (3c) 
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S  sin  V \  =  cos  <f>\  (Ax  cos  k\  +  Ay  sin  X'x)  -I-  Az  sin  (^  (3d) 

S2  =  Ax2  +  Ay2  +  Az2  (3e) 

GEOGRAPHIC  COORDINATE  ADJUSTMENT 

The  observation  equations  have  the  form 

c  j  d(f)  l  +  c2dk1  +  c3  d(f> 2  +  c 4  dk 2  +  ^  =  v  (4) 

in  which  L  is  computed  minus  observed  value.  An  orientation  unknown  is  added  to 
a  set  of  equations  for  unoriented  directions,  as  usual.  Scale  unknowns  can  also  be 
included  in  distance  observation  equations. 
The  coefficients  for  azimuths  are 

cx  =(Mx  +  hd$ir\Axl{S  cos*7!) 

C2  =   ~  (Ni  +  hx)  COS  (/>!  COS/4  j  /(S  cos  V \) 

c3  =  -[(M2  +  ^2)  (sin  (/>!  sin  (/>2cos  AX  sin  ^t  -I-  sin  </>2sin  AX  cos  ^x 
-I-  cos  <f> !  cos  </>  2  sin  .4  x)]/  (S  cos  V  ^} 

c  4  =  [(/V2  +  /*  2)  cos  <t> 2  (c°s  A  . gl  cos  A  i  -  sin  0 !  sin  AX  sin  ^  ^/(S  cos  V \). 

(Note:  In  Wolf  (1963:229)  and  Heiskanen  and  Moritz  (1967:221)  the  azimuth 
coefficient  corresponding  to  c3  here  contains  an  inconsequential  approximation.) 
The  coefficients  for  distances  are 

cl=  -  (M 1  +  /i  J  cos  A  !  cos  V ! 

c 2  =  —  (N x  +  h^  cos  (/> j  sin /4  j cos  V x 

c3  =  —  (M2  +  ^2)  cos/42cos  ^2 

c4  =  —  (7V2  +  ^2)  cos  </>2sin/^2cos  ^2- 

It  is  permissible  to  use  cos  V  2  —  cos  V x  (a  -\-  hx)  I  (a  +  /i2). 
These  coefficients  are  the  same  as  those  used  in  three-dimensional  geodesy. 
They  have  been  simplified  as  follows: 

Q2  =  Ax  sin  X'2  —  Ay  cos  X'2 

P2  =  sin  <}>' 2{Ax  cos  X'2  +  Ay  sin  X'2)  -  Az  cos  <j>' 2 

R  =  P12  +  <?12 

Coefficients  for  azimuths  become 
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c,  =  {Mx+hx)QJR 

c2*=  -(Ni  +  hJcosQfJR 

c3  =  ~{M2  +  h2)  [(sin  c/^sin  </>2cos  AX  +  cos  c/^cos  <f>2)  Qx  +  sin  (^sin  AX  PJ/fl 
c4  =  (N2  +  h2)  cos  </>2(cos  AX  Pj  -  sin  (f)l  sin  AX  QX)IR. 

Coefficients  for  distances  become 

Cl=  -  (Af  t  -h/iL)  Pi/S 

c2=   -  (Ni  +  hj)  COS  </>!<?!  /S 

c3=  -  (Af,  +  h2)P2/S 

c 4  =  —  (jV2  +  ^2)  cos  (f)2Q2  /S. 

The  sines  and  cosines  of  astronomic  latitudes  and  longitudes  are  computed 
only  once.  The  functions  of  geodetic  latitudes  and  longitudes  can  also  be  computed 
only  once  and  updated  between  iterations  by  differentials: 

d{s'm  a)  =  cos  a  da  —  sin  a  da2/2 

d(cos  a)  =  —  sin  a  da  —  cos  a  da*/2 

The  radii  of  curvature,  once  computed  for  a  point,  should  be  used  for  all 
observation  equations  involving  that  point.  They  need  not  be  recomputed  between 
iterations,  since  they  do  not  change  by  any  appreciable  amounts.  For  the  purpose 
of  computation  of  coefficients  of  observation  equations,  M  and  /V  are  needed  to  at 
most  five  significant  figures.  In  fact,  Heiskanen  and  Moritz  (1967)  use  a  radius  of 
Earth's  sphere  for  this  purpose,  but  this  is  not  recommended.  The  value  of  /V  is 
needed  with  full  precision  before  the  initial  adjustment.  /V  changes  by  at  most  0.1 
m  per  1"  of  change  in  latitude,  which  has  practically  no  effect  on  the  computed 
azimuth  and  distance  between  adjacent  points;  therefore,  the  value  computed 
initially  can  be  used  in  all  iterations.  Alternatively,  /V  can  be  updated  between 
iterations  by  dN  =  e\i  sin  (/>  cos  </>  d<f>. 

RECTANGULAR  COORDINATE  ADJUSTMENT 

The  observation  equations  with  three  unknowns  have  the  form 

a  j  (dx  2  —  dx  1)  +  a  2  (dy  2  -  dy  L)  +  a  3  (dz  2  —  dz  L)  +  L  -v.  (5) 

The  coefficients  for  azimuths  are 

a  ,  =  (sin  </>',  cos  X'  1  Q  ,  -  sin  \'  x  P,  )  IR 
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a 2  =  (sin  <t>\  sin  A'^  +  cos  k^Pj/R 
a3  =  —cos  <l>' iQ i  IR. 

The  coefficients  for  distances  are 

a  j  =  Az/S  a  2  =  Ay/S  a3  =  Az/S. 

In  order  to  hold  the  heights  fixed,  one  unknown  is  eliminated  and  expressed 
in  terms  of  the  other  two.  The  three  unknowns  must  satisfy  the  condition 

z 

x  dx  +  ydy  + dz  =  0  (6) 

1  -  e02 

where  e2  =  e2l{\  +  hIN).  This  states  that  each  point  in  space  lies  on  the  surface  of 
an  auxiliary  ellipsoid  having  a  different  eccentricity  and  equatorial  radius  than  the 
adopted  ellipsoid.  For  practical  purposes  the  approximation  e2  =  e2l{\  -I-  hla)  or 
even  e02  =  e2  is  harmless.  There  are  three  cases. 
Case  1 . — The  unknown  dx  is  eliminated. 


where 


bldyl  +  b2dzl  +  b3dy2  +  b  4dz2  +  L  =  v,  (7a) 


b  x  =  —  a  2  +  a  xJ  \l%\ 


(1-e2)*! 


b3  =  a2  —  aly2/x2 
b4  =  a3-  o,- 


(\-e2)x' 


Case  2. — The  unknown  dy  is  eliminated. 

b1dxl  +  b2dzx  +  b3dx2  +  b4dz2  +  L  =  v,  (7b) 


where 


b  j  =  -a  3  +  « 2^  i/r  i 

o2  =  —  ax  + a2 

d-e2)y1 

b3  =  a3~  a2x2/y2 
64  -a1  -a27^ r— • 
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Case  3. — The  unknown  dz  is  eliminated. 

bldxl  +  b2dy1  +  b3dx2  +  b4dy2  +  L  =  v,  (7c) 

where 

6i=  -a^a^I-e2)^!/:, 
b  2  —  _a2  +  a3(l—  e2bV2i 
63  =«i  -  a2{\-e2)x^z2 
b4  =  a2-  a3(l-e2)yjz2. 

In  practice,  case  3  would  be  used  with  points  for  which  cos2  <j>  <  0.5.  In  the 
remaining  equatorial  belt,  case  1  is  chosen  if  cos2^  <  0.5,  otherwise  case  2  applies. 
It  is  not  a  requirement  that  the  same  unknown  be  eliminated  for  all  points  in  the 
same  solution. 

The  eliminated  unknown  is  computed  after  the  adjustment  by  (6).  Geographic 
coordinates  are  obtained  by  equations  (2). 

Concluding  Remarks 

The  classical  method  reduces  observations  to  the  surface  of  the  ellipsoid.  The 
reduction  of  azimuths  is  effected  on  the  basis  of  provisional  geodetic  positions. 
Therefore,  Laplace  azimuths  are  slightly  wrong,  and  a  term  is  included  in  the 
observation  equation  to  make  allowance  for  the  change  in  geodetic  longitude. 
Strictly  speaking,  correction  terms  should  also  be  included  in  observation  equations 
for  azimuths  and  unoriented  directions  to  compensate  for  the  changes  in  latitude 
and  longitude  which  were  used  in  the  computation  of  deflection  corrections. 

The  proposed  method  handles  observations  without  reducing  them  to  the 
surface  of  the  ellipsoid.  It  avoids  time  consuming  computations  of  geodetic 
azimuths  and  distances  before  iterations  of  an  adjustment  and  uses  relatively 
simple  closed  equations  from  three-dimensional  geodesy.  It  is  also  more  accurate, 
at  least  theoretically,  because  it  does  not  impose  any  restrictions  on  the  lengths  of 
the  lines  or  on  the  extent  of  the  network. 

This  method  is  not  to  be  confused  with  the  general  three-dimensional  method 
in  which  there  are  three  coordinate  unknowns  per  station  and  astronomic  latitudes 
and  longitudes  may  be  permitted  to  acquire  corrections. 
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Abstract:  Hierarchy  plus  Input-Process-Output  (HIPO)  is  a  documenta- 
tion method  which  appears  to  have  great  potential  for  use  in  describing 
the  new  adjustment  of  the  North  American  horizontal  control  network. 
Its  greatest  advantage  is  its  accessibility  to  management  and  the  system 
development  team  alike.  It  achieves  this  by  a  recursive  subdivision  of 
function,  beginning  at  an  "overview"  level  (unique  to  HIPO)  and  ending 
at  the  lowest  level  of  human  or  machine  activity.  A  HIPO  document  is  a 
living  document  that  can  easily  change  to  reflect  the  changes  in  operating 
concept  that  occur  quite  naturally  during  system  evolution.  The  most 
powerful  weapon  against  misunderstanding  is  the  "structured  walk- 
through" in  which  a  HIPO  document  is  used  to  guide  a  review  of  the 
system  at  various  stages  in  its  implementation.  Appendix  A  presents  a 
complete  example,  based  on  actual  HIPO  documentation  now  in  progress 
at  the  National  Geodetic  Survey  of  the  National  Ocean  Survey,  NOAA. 


Introduction 

The  new  adjustment  of  the  North  American  horizontal  network  is  the  largest 
single  project  of  its  kind  ever  undertaken.  But  aside  from  the  element  of  size,  the 
new  adjustment  will  differ  from  the  last  one,  performed  in  1927,  in  its  international 
scope.  It  will  require  the  cooperation  of  the  United  States,  Canada,  Denmark, 
Mexico,  and  the  republics  of  Central  America.  Passing  the  midpoint  of  this  8-year 
project,  we  enter  a  period  where  the  cooperative  character  of  the  new  adjustment 
will  become  increasingly  evident. 

From  the  beginning,  it  was  foreseen  that  each  of  the  parties  to  the  New 
Adjustment  would  have  a  major  project  simply  to  prepare  its  own  share  ofjhe 
data.  In  the  United  States,  for  example,  the  National  Geodetic  Survey  (NGS)  has 
had  to  collect  and  automate  150  years  of  surveys  performed  by  C&GS  (prior  to 
1970  the  National  Ocean  Survey  was  known  as  the  Coast  and  Geodetic  Survey) 
and  other  U.S.  civilian  survey  agencies.  Such  efforts  here  and  in  the  other 
countries  have  advanced  to  the  point  where  they  are  no  longer  the  dominant 
consideration.  There  is  now  the  need  for  the  various  organizations  to  meet  to 
consider  the  technical  and  operational  problems  involved  in  putting  all  of  the  data 
together.  This  part  was  one  of  the  reasons  for  holding  the  Second  International 
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Symposium  on  Problems  Related  to  the  Redefinition  of  North  American  Geodetic 
Networks. 

An  occasion  such  as  this  symposium  provides  the  opportunity  to  exchange 
information,  hold  discussions,  and  finally  come  to  agreement  on  how  certain  things 
should  be  done.  As  the  implementation  of  these  agreements  proceeds,  there  is 
need  to  maintain  an  ongoing  dialog. 

As  any  system  evolves,  changes  in  understanding  occur  that  must  be 
communicated,  both  vertically  within  an  organization  and  horizontally  between 
organizations.  Stated  another  way,  each  organizational  unit  has  its  own  operating 
concept  of  the  new  adjustment.  No  one  of  these  is  necessarily  incorrect;  however, 
all  concepts  must  converge  if  the  adjustment  is  to  be  a  success.  Written 
documentation  will  succeed  in  bringing  about  this  convergence  of  viewpoints  if  it 
meets  these  two  requirements:  It  must  be  accessible  to  all  and  be  a  living 
document,  capable  of  change. 

This  paper  describes  a  method,  called  HIPO  (pronounced  hl'po),  which  fulfills 
both  of  these  requirements:  It  allows  effective  use  by  management  and  the  systems 
development  team  alike,  throughout  the  system  development  life  cycle.  For  this 
reason,  NGS  has  chosen  the  HIPO  method  to  document  its  own  operating  concept 
of  the  new  adjustment. 

Following  the  discussion  of  HIPO,  an  example,  based  on  an  NGS  document 
called  "A  NEW  ADJUSTMENT,"  is  presented  as  a  complete  HIPO  package  in 
appendix  A.  Although  the  example  is  accurate  in  what  it  shows,  two  extremely 
important  functions,  namely,  datum  definition  and  the  handling  of  international 
junctions,  have  been  neglected.  This  has  been  done  for  two  reasons.  First,  there  is 
the  obvious  need  to  keep  the  presentation  to  a  reasonable  length.  Second,  several 
agreements  relating  to  these  functions  are  still  pending  at  the  policy  level.  Rather 
than  present  any  one  alternative  solution,  it  was  decided  to  treat  these  functions  as 
peripheral  to  the  present  discussion;  this  is,  after  all,  a  discussion  of  a 
documentation  method,  and  not  the  New  Adjustment  per  se. 

The  HIPO  Method 

HIPO  is  an  acronym  for  //ierachy  plus  /nput-Process-Output.  It  is  a  method 
developed  by  the  IBM  Corporation  (IBM  1975)  to  serve  as  both  a  design  aid  and 
documentation  tool  for  information  systems.  An  information  system  is  one  in  which 
each  process  (human  or  machine)  transforms  data.  Our  illustrative  example  is  an 
information  system,  as  diagram  1.0  of  appendix  A  shows. 

The  leftmost  box  shows  all  of  the  information  sources  of  the  adjustment,  and 
the  rightmost  box  shows  the  final  information  output.  The  box  in  the  middle  lists 
the  steps  in  the  process  causing  the  transformation.  Diagram  1.0  illustrates  what  is 
called  an  'Tnput-Process-Output  diagram. "  Specifically,  it  is  an  "overview 
diagram,"  which  gives  a  rather  simplified,  though  absolutely  correct,  overview  of 
the  entire  system.  Such  a  diagram  would  be  useful  as  the  basis  for  a  5-minute 
briefing  of  a  new  figure  in  management,  but  would  certainly  not  suffice  for  a 
programmer  seeking  information  on  a  particular  piece  of  code. 

How  then  does  HIPO  address  the  requirements  of  people  who  rely  on 
documentation  for  many  different  purposes?  It  does  so  by  recursively  subdividing 
each  function  into  lower  level  functions,  until  it  reaches  the  lowest  level  of  machine 
or  human  activity.  The  number  1.0  is  always  reserved  for  the  parent  diagram  of 
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the  hierarchy.  Diagram  1.0  shows  the  numbers  2.0,  3.0,  and  4.0  next  to  the  three 
functions  in  the  process  block;  these  are  references  to  three  similar  diagrams,  * 
each  of  which  expands  a  single  function  into  two  or  more  subfunctions.  At  each 
successive  level,  more  functional  detail  is  shown,  and  the  depiction  of  input  and 
output  items  becomes  increasingly  specific,  often  reaching  the  "bit"  level.  At  these 
lower  levels,  the  style  of  the  Input-Process-Output  diagrams  changes  somewhat,  as 
diagram  3.2.1  of  appendix  A  illustrates.  For  one  thing,  there  are  more  elaborate 
conventions  used  to  depict  the  flow  of  information  and  the  flow  of  control. 
Diagrams  such  as  3.2.1  are  called  "detail  diagrams."  A  programmer  who  already 
has  some  familiarity  with  a  system  will  usually  refer  to  detail  diagrams. 

Glancing  at  diagrams  2.0,  3.0,  and  4.0  in  succession,  one  would  get  a  more 
thorough  "management  overview"  of  the  system  in  perhaps  15  minutes.  This  is 
one  way  to  use  the  package.  Another  way  to  use  a  HIPO  package  is  to  follow  a 
particular  branch  of  interest  in  the  hierarchy:  for  example,  one  could  follow  the 
chain  1.0  to  3.0  to  3.2  to  3.2.1,  and  so  on.  However,  a  programmer  wishing  to 
locate  a  specific  function  cannot  afford  to  waste  time  thumbing  through  perhaps 
seven  or  eight  levels  of  diagrams.  An  index  is  indispensable  for  this  reason.  A 
complete  HIPO  package,  therefore,  always  includes  an  index  to  the  Input-Process- 
Output  diagrams  called  a  Visual  Table  of  Contents  (VTOC).  The  VTOC  resembles 
an  organizational  chart  as  a  result  of  a  hierarchial  structuring  of  function.  Usually 
included  with  the  VTOC  is  a  legend  describing  the  graphical  conventions  used  in 
the  Input-Process-Output  diagrams.  Both  VTOC  and  legend  are  included  in 
appendix  A. 

Because  the  process  block  of  an  Input-Process-Output  diagram  is  restricted  to 
telling  what  is  done  (i.e.,  function),  it  does  not  tell  the  complete  story.  Most 
important,  it  fails  to  answer  the  questions  why,  how,  where,  and  when.  A  HIPO 
user  who  already  understands  a  particular  function  may  now  wish  to  study  its 
implementation.  The  diagram  itself  is  of  little  use  to  such  a  user;  hence,  the  need 
for  an  addition  to  each  diagram,  in  the  form  of  an  "extended  description."  An 
extended  description  is  reserved  for  explanation,  examples,  logic,  implementation- 
dependent  details,  and  references  to  other  documentation  (reports,  flow-charts, 
published  algorithms,  or  other  HIPO  packages)  which  put  a  function  into  the 
context  of  an  actual  implementation.  The  conscious  separation  of  function  and 
implementation  allows  the  process  block  to  be  an  uncluttered  presentation  of  pure 
function.  (Software  projects  fail  when  people  become  overwhelmed  by  implemen- 
tation details  and  lose  sight  of  basic  function.  With  HIPO,  this  should  never 
happen.)  Each  diagram  in  appendix  A  has  an  extended  description. 

Preparation  for  a  Structured  Walkthrough 

A  meeting  at  which  the  users  of  a  system  review  the  progress  of  implementa- 
tion at  various  stages  of  development  is  called  a  "walkthrough."  A  walkthrough 
can  reveal  differences  in  understanding  between  any  of  the  following  groups: 
managers,  designers,  and  programmers.  HIPO  lends  itself  to  structured  walk- 
throughs because  its  graphical  representation  of  function  gives  something  concrete 
and  tangible  to  guide  the  review  in  a  step-by-step  fashion,  to  increasing  levels  of 
detail.  Major  problems,  which  might  be  overlooked  in  an  unstructured  review,  are 
quickly  identified  for  subsequent  correction.  Structured  walkthroughs  involving 
personnel  from  the  North  American  parties  to  the  new  adjustment  are  scheduled 
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to  be  held  in  the  coming  months.  These  will  result  in  changes  to  the  NGS  operating 
concept,  changes  certain  to  be  reflected  in  the  NGS  documentation. 

To  gain  a  better  appreciation  for  HIPO,  the  reader  is  encouraged  to  participate 
in  a  structured  walkthrough  of  "A  New  Adjustment."  Since  this  is  a  hypothetical 
adjustment,  why  not  have  it  occur  in  a  hypothetical  location?  Imagine  an  island 
(far  from  North  America)  having  a  local  datum,  where  HGS*  has  been  performing 
horizontal  control  surveys,  and  "patching"  these  together  for  about  50  years.  The 
decision  is  made  to  perform  a  simultaneous  readjustment  to  the  island  network. 

Diagram  1.0  of  appendix  A  shows  that  the  first  step  is  to  collect  data.  Since 
this  step  will  not  be  discussed,  let  us  summarize  the  information  status  of  the 
system  at  the  beginning  of  step  2:  (1)  The  points  to  be  adjusted  have  been 
identified  and  assigned  a  unique  identifier,  called  a  "QIDQSN."  Also,  for  each 
point,  we  have  at  least  the  following  point  data:  Geodetic  coordinates  (</>,  A,  h), 
astronomic  coordinates  (<J\  A).  (2)  All  classical  survey  observations  (directions, 
distances,  and  Laplace  azimuths)  have  been  identified  and  related  to  standpoint 
and  forepoint  QIDQSN.  Also,  for  each  observation  we  have  at  least  a  value  and  a 
standard  error.  (3)  All  the  above  data  have  been  stored  in  the  HGS  data  base. 

Also,  by  way  of  preparation,  it  will  be  helpful  to  review  the  basic  notions  of 
Helmert  blocking.  A  more  thorough  discussion  of  Helmert  blocking  can  be  found 
in  Wolf  (1978). 

The  purpose  of  Helmert  blocking  is  to  solve  a  large  network  problem  by 
partitioning  the  normal  equations  and  then  solving  them  in  a  particular  way. 
Actually,  the  partitioning  occurs  before  normal  equations  are  formed;  observations 
(which  give  rise  to  normal  equations)  are  partitioned  into  disjoint  subsets.  Any 
method  of  partitioning  is  legal,  as  long  as  an  observation  belongs  to  one  and  only 
one  block,  and  no  observation  is  left  out.  In  past  practice,  two  methods  have  been 
used:  (1)  partitioning  observations  according  to  observation  type,  and  (2)  partition- 
ing observations  according  to  the  geographical  location  of  the  standpoint  ("geo- 
graphical method"). 

The  first  method  of  partitioning  cannot  be  illustrated  graphically,  but  the 
second  method  can,  as  figure  1  shows. 

The  "QID  method"  of  partitioning,  developed  by  NGS,  is  a  first  cousin  of  the 
geographical  method.  Rather  than  use  latitude  and  longitude  to  determine  the 
location  of  the  standpoint,  the  QIDQSN  of  the  standpoint  is  used.  The  prefix  of 
the  QIDQSN  (the  QID)  is  called  the  "quad  identifier,"  because  it  identifies  the 
7V2-minute  quadrangle  containing  the  NAD  27  geodetic  coordinates  of  the  point.  If 
the  point  moves  due  to  adjustment,  the  QIDQSN  does  not  change,  even  though 
the  position  moves  to  a  different  quadrangle.  The  QID  method  is  therefore  a  more 
stable  way  of  defining  "location."  If  the  geographical  regions  are  all  bounded  by 
7V2-minute  gridlines,  then  each  region  can  be  described  by  stating  a  list  of  QID's; 
the  "inside-outside  problem"  for  the  standpoint  reduces  to  a  search  problem  in 
which  an  attempt  is  made  to  find  the  standpoint  QID  in  the  list  of  QID's  defining 
the  block. 

Each  of  the  observation  subsets  created  by  such  a  partitioning  scheme  is 
called  a  Data  Entry  Module  (DEM).  In  order  to  implement  Helmert  blocking,  a 
DEM  must  contain  other  information  in  addition  to  observations,  e.g.,  information 
about  the  parameterization  of  the  adjustment  model.  There  is  a  simple  transfor- 
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mation  which  converts  a  DEM  into  a  Helmert  block,  namely,  the  formation  of 
normal  equations.  Such  Helmert  blocks  are  called  "Initial  Level  Helmert  blocks." 
Because  a  DEM  and  an  Initial  Level  Helmert  block  are  so  closely  related,  we  often 
say  "Initial  Level  block  definition"  when  referring  to  the  geographical  extent  of  a 
DEM.  In  Helmert  blocking,  an  Initial  Level  Helmert  block  is  obtained  from  each 
DEM.  By  Gaussian  elimination,  the  effect  of  unknowns  interior  to  each  Initial 
Level  Helmert  block  are  eliminated  leaving  only  the  so-called  "junction  un- 
knowns." Several  such  "partially  reduced  Initial  Level  blocks"  are  combined  to 
form  "Higher  Level  Helmet  blocks."  The  process  continues  recursively  until  the 
so-called  "Highest  Level  Helmert  block,"  at  which  time  the  Gaussian  elimination 
of  unknowns  is  completed.  The  back  solution  simply  follows  the  reverse  program. 
Both  forward  and  back  courses  of  a  Helmert  block  adjustment  are  most  easily 
visualized  as  movements  up  and  down  the  branches  of  a  "tree"  (fig.  2).  The  sum 
total  of  all  block  definitions  (both  Initial  and  Higher  Level)  is  called  the  "strategy" 
of  the  adjustment.  A  particular  strategy  is  adopted  because  it  is  optimal  with 
respect  to  some  chosen  set  of  parameters  (Pope  1978). 

Preparation  complete,  it  is  hoped  that  the  reader  will  now  turn  to  the  HIPO 
package  in  appendix  A  and  begin  a  self-guided  walkthrough. 

Conclusion 

The  power  of  HIPO  lies  in  its  ability  to  show  function  clearly,  to  any  desired 
level  of  detail.  HIPO  shows  the  functions  to  be  accomplished  by  a  system  rather 
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QID 


QID 


QID 


QID  QSN 


Figure  1.— The  "QID"  method. 
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Higher 
Level 
Helmert 
Blocks 


Highest  Level 
Helmert  Block, 


Initial  Level 
Helmert  Blocks 


Forward  Course 

FIGURE  2.  —  Helmert  blocking  tree. 


Back  Course 


than  the  program  statements  used  to  accomplish  those  functions.  By  its  unique 
provision  of  an  "overview"  level,  HIPO  offers  access  to  management;  in  this 
respect,  HIPO  is  superior  to  documentation  methods  which  are  meaningful  only  to 
the  computer  specialist.  In  the  case  of  the  new  adjustment,  misunderstandings 
could  be  a  major  problem,  in  view  of  the  number  of  participating  agencies  and  the 
complexity  of  communication  channels.  We  believe  that  HIPO  documentation  can 
provide  the  structure  for  the  good  communication  and  universality  of  understanding 
which  is  so  vital  to  the  success  of  the  new  adjustment. 
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APPENDIX  A.— A  NEW  ADJUSTMENT 

The  material  contained  in  this  appendix  demonstrates  the  use  of  HIPO.  The 
example  chosen  is  hypothetical  and  does  not  reflect  NGS/NOS  policy  with  regard 
to  the  new  adjustment. 
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3.2.1  CONTINUED 


HGS  DATABASE 


INITIAL  LEVEL  BLOCK  DEFINITION 


2.  FOR  EACH  POINT  IN  THE 
TABLE.  DO: 


2.1  COPY  SELECTED  POINT 
DATA  TO  "POINT  DATA- 
SECTION 


> 


3.  COPY  THE  ORIGINAL 
BLOCK  DEFINITION  TO 
THE  DATA  ENTRY  MODULE 


JATA  ENTRY  MODULE  (CONT'D) 


Extended  Description 

1.  The  main  function  of  step  1  is  to  classify 
points  with  respect  to  the  Initial  Level 
block  definition.  This  classification  system 
is  summarized  below: 


Interior  — 
Inside  junc. 


Outside  junction 
Cross-reference 


There  are  four  classifications: 

1.  An  "interior  point"  is  a  point  which  is  in- 
side the  block  and  is  not  seen  from  outside  the 
block. 

2.  An  "inside  junction"  point  is  a  point  which 
is  inside  the  block,  and  j[s_  seen  from  outside 
the  block. 


Note  that  only  the  QIDQSNs  of  the  first  three 
types  are  saved  in  the  DEM.  Cross-reference  point 
QIDQSN  are  not  saved,  but  a  cross-reference  record 
is  made  (step  1.3.1.2).  This  record  contains  only 
the  QID  of  the  cross-reference  point.  Since  this 
QID  will  occur  elsewhere  in  an  Initial  Level  block 
definition,  the  cross-reference  record  provides  an 
indirect  reference  to  the  Initial  Level  block 
whose  observation  (s)  are  needed  in  order  for  the 
unknowns  of  the  inside  junction  point  to  become 
interior.  The  Higher  Level  System  (HLS)  uses 
cross-references  as  the  mechanism  for  automatic 
junction  point  determination. 

1.2.1  Selected  observation  elements  include,  but 
are  not  limited  to:  standpoint  identifier;  fore- 
point  identifier;  observation  value;  observation 
standard  error. 


3.  An  "outside  junction"  point  is  a  point  which  2.  Selected  point  data  elements  include,  but  are 
is  outside  the  block  and  is  seen  from  inside  the  not  limited  to:  point  identifier;  geodetic  posi- 
block.  tion;  astronomic  position. 


4.  A  "cross-reference  point  is  an  outside  point  NOTE: 
which  sees  into  the  block. 


A  "point  identifier"  may  simply  be  the 
line  number  in  the  point  classification 
table. 


3.  The  Initial  Level  block  definition  is  needed 
by  the  HLS.  See  HLS  documentation. 
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3.4  PERFORM  ADJUSTMENT  SYSTEM  PROCESSING 


RESTART  FILES 


> 


> 


1.1.2  EXTRACT  "REDUCED 
INITIAL  LEVEL  BLOCK" 
FOR  HLS 


ATTEMPT  TO  COMPLETE 
FORWARD  AND  BACK 
SOLUTION.    PROCESS 
MAY  HALT  DUE  TO 
PRESENCE  OF 
SINGULARITY 


1.3      FOR  EACH  RESTART 
FILE,  DO: 


1.3.1  RETURN  JUNCTION 

UNKNOWN  SOLUTION  TO 
RESTART  FILE 


1.3.3  GENERATE  REPORTS. 
PERFORM  ANALYSIS 


1ESTART  FILES 


Extended  Description 

1.  "ILS"  and  "HLS"  are  acronyms  for  "Initial  Level  System"  and  "Higher  Level 
System,"  treated  here  as  external  systems  (i.e.,  this  HYPO  package  does 
not  document  function  within  either  system.  Refer  to  ILS  and  HLS  documen- 
tation for  details. 
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HELMERT  BLOCK  INITIAL  LEVEL  SYSTEM 


John  F.  Isner 

National  Geodetic  Survey 

National  Ocean  Survey,  NOAA 

Rockville,  MD  20852 


Abstract:  Regardless  of  the  method  chosen  for  the  adjustment  of 
geodetic  data,  two  basically  different  approaches  to  adjustment  system 
design  are  possible.  The  "batch"  approach  is  characterized  by  the 
insulation  of  the  user  from  the  adjustment  process.  In  the  "interactive" 
approach,  the  user  plays  a  vital  role  in  the  adjustment  process.  The 
method  of  Helmert  blocking  has  been  implemented  as  an  interactive 
process  in  which  an  individual  or  organizational  unit  handles  a  single 
subtask,  as  suggested  directly  by  the  Helmert  blocking  tree.  The  Initial 
Level  Subsystem  of  the  NAD  adjustment  system  has  the  Helmert  block 
as  its  basic  unit  of  input,  and  follows  a  transition  diagram  under  the 
control  of  simple  user  options.  The  combination  of  these  two  design 
features  allows  the  system  to  be  used  in  a  wide  range  of  applications, 
including  simple  batch  adjustments  and  block  validation,  and  as  part  of 
the  multilevel  Helmert  block  adjustment  system  to  be  used  for  the 
readjustment  of  North  American  horizontal  control  network. 

New  Adjustment  Requirements 

Every  geodetic  agency  develops  horizontal  network  adjustment  software 
appropriate  to  its  needs.  In  normal  times,  those  needs  are  associated  with  an 
ongoing  program  of  network  maintenance  and  densification  and  can  be  satisfied  by 
a  modest  collection  of  software  tools.  Ten  years  ago,  the  National  Geodetic  Survey 
(NGS)  could  easily  satisfy  its  horizontal  network  adjustment  needs  with  software 
capable  of  adjusting  a  few  hundred  stations.  This  ceased  to  be  true  when  NGS 
undertook  the  readjustment  of  its  entire  National  network. 

The  "New  Adjustment,"  taken  as  the  total  collection  of  processes  making  up 
this  effort,  has  five  distinct  applications  for  adjustment  software,  listed  in  figure  1. 

The  early  programs  in  the  TRAV  series  (Gergen  1975)  were  developed  to  meet 
the  requirement  of  project  validation  (fig.  1,  No.  1).  As  a  validation  tool  to  be  used 
in  a  production  environment  by  geodetic  technicians,  the  early  TRAV  programs 
were  of  the  "batch  adjustment"  variety  and  were  easy  to  use,  and  produced  a 
standard  report. 

The  networks  occurring  in  the  constrained  adjustment  application  (fig.  1,  No. 
2)  tend  to  be  much  larger  than  individual  projects;  these  networks  soon  pressed 
the  early  TRAV  programs  to  their  limit  of  capacity.  Further  developments  in  the 
TRAV  series  were  aimed  at  increasing  capacity  by  improved  reordering  algorithms 
and  better  exploitation  of  sparsity.  For  example,  TRAV10,  the  last  program  in  the 
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Application 


Why  Needed 


1 .  Project  Validation 

To  Insure  the  Integrity  of 
Data  Through  the  Automation 
Process 

2.  Constrained  Adjustment 

To  Integrate  New  Surveys  Into 
the  1 927  Datum 

3.  Block  Validation 

To  Detect  Problems  That  Occur 
When  Projects  Are  Assembled 
Into  Larger  Units 

4.  Experimental  Adjustment 

To  Investigate  the  Phenomena 
of  the  Adjustment  Process  Itself 

5.  Simultaneous  Readjustment 
of  National  Network 

To  Establish  the  New  Datum 

FIGURE  1. — Five  applications  of  adjustment  software. 


series,  uses  normal  equation  partitioning  and  a  sophisticated  graph-theoretical 
reordering  technique  which  push  TRAVlO's  capacity  to  about  4,000  stations 
(Schwarz  1978).  Aside  from  the  increase  in  capacity,  the  newer  TRAV  programs 
represented  no  change  in  the  basic  approach  to  adjustments. 

In  1975  NGS  began  to  study  the  requirements  of  the  simultaneous  readjust- 
ment of  the  National  net.  (fig.  1,  No.  5).  It  became  clear  that  this  was  one  problem 
that  should  not  be  handled  simply  by  increasing  the  capacity  of  TRAV  10,  although 
consideration  was  briefly  given  to  two  ideas  which  could  have  been  used  to  do 
exactly  this: 

(1)  implementation  of  a  conjugate  gradients  solution  algorithm  (because  of 
very  low  storage  requirements)  and 

(2)  implementation   of  the   existing   program   on   a    virtual    machine   (because 
memory  limitations  are  removed). 

This  time  it  was  the  TRAV  approach  that  was  recognized  as  the  real  limiting 
factor.  Past  experience  with  large  batch  adjustments  indicated  that  their  difficulty 
increases  exponentially  with  the  number  of  stations.  Eight  problems  of  large  batch 
adjustments  are  encountered.  These  include: 

(1)  difficulty  of  forming  and  maintaining  the  input, 

(2)  inability   to   intervene   in   the   adjustment   process   either  to  investigate   or 
modify  behavior, 

(3)  difficulty  of  isolating  error  sources, 

(4)  necessity  to  make  complete  reruns  due  to  errors, 
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(5)  length  and  cost  of  each  run, 

(6)  increased  danger  of  system  errors  during  long  computer  runs, 

(7)  sheer  volume  of  (necessarily  comprehensive)  reports,  and 

(8)  difficulty  of  dividing  the  work  load  among  several  individuals. 

The  term  "batch  adjustment"  as  used  here  and  elsewhere  in  this  paper 
denotes  a  particular  approach  to  the  adjustment  problem  and  not  any  particular 
method  of  adjustment.  Specifically,  an  adjustment  system  is  using  the  batch 
approach  when  the  following  sequence  is  used:  "Read  the  data,  perform  the 
adjustment,  print  the  results."  To  illustrate  the  distinction  between  approach  and 
method,  consider  that  it  would  be  quite  possible  to  take  the  batch  approach  to 
sequential  adjustment.  By  doing  so,  however,  the  advantage  of  the  sequential 
method  is  lost,  namely,  the  ability  to  see  the  effect  of  each  new  observation  on  the 
solution. 

Opposite  the  "batch"  approach  is  what  might  be  called  the  "interactive" 
approach.  In  the  interactive  approach,  the  system  user  himself  becomes  a  part  of 
the  adjustment  process.  The  interactive  user  can  monitor  the  adjustment  as  it 
occurs  and  has  the  opportunity  to  alter  the  course  of  events.  Again,  the  approach 
is  independent  of  the  method,  although  certain  methods  lend  themselves  better  to 
this  approach,  as  we  shall  now  see. 

The  method  of  Helmert  blocking  (Wolf  1978)  has  virtually  unlimited  capacity 
and  also  lends  itself  nicely  to  the  interactive  approach.  Capacity  is  achieved  by  the 
way  Helmert  blocking  divides  a  large  problem  into  any  number  of  small,  yet 
mathematically  meaningful  subproblems;  the  total  problem  is  attacked  by  taking 
the  subproblems  in  topological  sequence  so  that  the  computer's  memory  must  only 
be  big  enough  to  hold  the  largest  subproblem.  Helmert  blocking  can,  of  course,  be 
implemented  in  such  a  way  that  the  user  is  unaware  of  the  subproblems  or  their 
attempted  solutions  (this  would  be  the  batch  approach).  If  each  subproblem  and  its 
solution  is  made  explicit,  and  the  user  is  given  a  modicum  of  inquiry  and  control 
capability  at  the  subproblem  level,  the  approach  becomes  interactive. 

At  NGS,  the  interactive  approach  to  Helmert  blocking  has  been  implemented 
in  such  a  way  that  the  problems  encountered  in  batch  adjustments  are  either 
minimized  or  disappear  completely.  Although  originally  intended  for  the  readjust- 
ment of  the  National  network,  the  North  American  Datum  (NAD)  adjustment 
system  is  today  being  used  with  some  frequency  in  each  of  the  adjustment 
application  listed  in  figure  1.  This  can  be  attributed  to  the  fact  that  (1)  the  batch 
approach  may  be  inappropriate  for  certain  special  adjustments  of  any  size  and  (2) 
the  accessibility  of  the  system  has  encouraged  NGS  users  to  experiment  and 
discover  new  uses  for  the  system. 

This  paper  presents  the  key  design  elements  of  the  NAD  adjustment  system, 
with  special  emphasis  on  the  "Initial  Level  Subsystem."  It  illustrates  how  the 
design  makes  possible  the  use  of  the  system  in  each  of  the  applications  listed  in 
figure  1. 

Key  Elements  of  NAD  Adjustment  System  Design 

Figure  2  shows  the  hierarchical  relationships  among  the  subsystems  and  key 
modules  of  the  NAD  adjustment  system. 

The  basic  unit  of  input  to  the  adjustment  system  is  the  Initial  Level  Helmert 
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KlGiRE  2.  —  NAD  adjustment  system  components. 


block.  The  Helmert  block  must  be  produced  by  some  external  system,  which  we 
will  call  the  "Data  Preparation  System."  Figure  3  shows  the  hierarchical  structure 
of  the  Data  Preparation  System. 

The  role  of  the  "Data  Entry  Module  (DEM)  Retrieval  Subsystem"  may  be 
played  by  either  the  NGS  data  base  or  by  special  purpose  software  which  is  able  to 
apply  an  Initial  Level  block  definition  to  a  mass  of  data.  The  DEM  Retrieval 
Subsystem  outputs  a  DEM  which  contains  observations  satisfying  the  block 
definition  plus  additional  information  needed  to  create  an  Initial  Level  Helmert 
block.  The  DEM  Preprocessor  module  performs  the  simple  transformation  that 
converts  the  observations  in  the  DEM  into  a  Helmert  block,  namely,  the  formation 
of  normal  equations.  The  resulting  Initial  Level  Helmert  block  in  machine-readable 
form  is  called  a  RESTART  file.  The  flow  of  data  through  the  Data  Preparation 
System  is  shown  in  figure  4. 

The  Initial  Level  Subsystem  (ILS)  consists  of  a  Batch/Interactive  subsystem 
(B/I),  a  Postprocessor  Subsystem,  and  various  Utilities.  B/I  modules  modify  the 
RESTART  file;  Postprocessor  modules  merely  report  current  information.  The 
principal  B/I  modules  are  the  Adjustment  module  (which  performs  steps  of  the 
iteration  cycle)  and  the  EDITOR  module  (which  may  alter  RESTART  file  contents 
through  a  special  command  language).  The  Utility  Subsystem  contains  modules 
needed  for  RESTART  file  management:  to  dump  and  restore  a  RESTART  file 
from  tape,  copy,  audit,  and  revert  the  RESTART  file  to  earlier  states.  Figure  5 
shows  the  relationships  among  the  subsystems,  their  inputs,  and  outputs. 

The  Higher  Level  Subsystem  (HLS)  is  needed  only  when  there  is  a  multilevel 
Helmert  block  adjustment  to  be  performed.  In  this  case,  there  are  two  or  more 
Initial  Level  Helmert  blocks  and,  in  addition,  some  strategy  by  which  they  are  to 
be  combined  to  form  higher  level  blocks.  Only  the  HLS  "knows"  about  the 
strategy.  From  the  standpoint  of  the  ILS,  the  HLS  does  not  exist;  at  any  given 
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FIGURE  3. — Data  preparation  system  component: 


time,  the  ILS  is  concerned  with  a  single  Initial  Level  block  and  is  ignorant  of  any 
other  Initial  Level  blocks  or  Helmert  blocking  strategies.  Figure  6  shows  the 
relationship  among  the  ILS,  HLS,  and  RESTART  files  in  a  multilevel  adjustment. 
Details  of  Higher  Level  Subsystem  design  can  be  found  in  Dillinger  (1978). 

Initial  Level  Subsystem  States 

We  can  speak  of  the  ILS  and  the  RESTART  file  almost  interchangeably, 
since  the  RESTART  file  contains  information  that  completely  specifies  the  state  of 
the  ILS  at  any  time.  Actually,  there  are  fewer  than  a  dozen  recognized  states, 
corresponding  to  points  where  B/I  modules  perform  "checkpoints, "  that  is,  update 
RESTART  in  such  a  way  that  the  system  can  be  successfully  "restarted"  again  by 
another  module  (hence  the  name  RESTART). 


Initial 

Level 

Block 

Definition 


DEM 
Preprocessor 


Legend: 


Restart 


Subsystem 
Module 


Figure  4. — Data  preparation  system  flowchart. 
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FIGURE  5.  —  Initial  level  subsystem  flowchart. 


Helmert 
Blocking 
Strategy 


FIGURE  6. — Adjustment  system  configuration  lor  multilevel  adjustment. 
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At  the  instant  of  such  a  "checkpoint,"  the  ILS  exists  in  a  well-defined  state. 
The  adjustment  module,  for  example,  begins  with  RESTART  in  some  initial  state 
and  processes  it  until  some  "goal"  state  is  reached.  During  that  processing,  the 
system  passes  through  several  well-defined  intermediate  states.  Both  the  goal  state 
and  the  intermediate  states  are  specified  by  the  ILS  user. 

The  preceding  statement  needs  some  qualification.  Each  B/I  module  has  its 
own  "transition  diagram,"  a  set  of  rules  governing  transitions  between  states  and 
specifying  the  processes  effecting  the  transitions.  The  user  may  indeed  specify  a 
goal  state  if  there  is  a  path  to  that  state  in  the  transition  diagram  of  the  B/I  module 
in  question.  Similarly,  the  path  can  be  specific  only  to  the  extent  the  transition 
diagram  contains  multiple  paths  between  states.  A  simplified  version  of  the 
transition  diagram  of  the  ILS  adjustment  module  will  help  to  clarify  these  points 
(fig.  7). 

Figure  8  lists  the  processing  associated  with  each  of  possible  transitions  in 
figure  7. 

Note  that  states  1  and  6  (as  well  as  states  not  shown  in  the  diagram)  cannot  be 
specified  as  goal  states  of  the  ILS  Adjustment  module  since  there  is  no  .path  to 
them.  State  5  IS  a  legal  goal  state  since  it  can  always  be  attained  from  any  of  the 
other  states  1,  2,  3,  4,  or  6  after  a  finite  number  of  transitions.  When  executing  the 
ILS  Adjustment  module,  the  user  specifies  the  goal  state  by  specifying  a  value  for 
the  GOAL  option: 

GOAL  =  "setup"  (will  achieve  state  2) 
GOAL  =  "reduce"  (will  achieve  state  3  or  4) 
GOAL  =  "solve"  (will  achieve  state  5). 

If  the  goal  option  is  omitted,  the  solution  will  be  iterated  to  convergence. 

There  is  ambiguity  at  state  2;  the  user  is,  therefore,  asked  to  select  one  of  the 


State  Definition 


1  Normal  Equations  Not  Defined 

2  2  Normal  Equations  Formed 

3  Normal  Equations  Reduced  for 
Effect  of  Interior  Unknowns 

4  Normal  Equations  Fully  Reduced 
5                                         5                 Right-Hand-Side  Fully  Backsolved 


6 


6  Normal  Equations  Fully  Reduced 

With  Partial  Back-Solution 
Corresponding  to  Junction 
Unknowns  (HLS  Leaves  ILS 
in  This  State) 

FIGURE  7. — Adjustment  module  transition  diagram  (showing  states). 
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Transition      Processing 
1    -   2 


Form  A'PA,  A'PL,  and  Allocate  the 
Associated  Data  Structures 
Perform  (Gaussian)  Elimination  of 
Interior  Unknowns 

Perform  (Gaussian)  Elimination  of 
All  Unknowns 

Backsolve  Interior  Unknowns  Holding 
Junction  Unknowns  Fixed 
Backsolve  All  Unknowns 

Continue  Back  Solution  for  Interior 
Unknowns 

Update  Unknowns  and  Re-Create 
A'PA,  A'PL  for  Next  Pass 

Figure  8.  — Adjustment  module  transition  diagram  (showing  transitions). 

two  possible  paths  leading  from  that  state.  The  user  does  this  by  specifying  the 
ADJ  option: 

ADJ  =  "free"  (will  choose  the  path  2-4) 

ADJ  =  "constrained"  (will  choose  the  path  2-3). 


2-3 

2-4 

3-5 

4-5 
6-5 

5-2 


Application  to  Multilevel  Adjustments 

The  simultaneous  readjustment  of  the  National  net  (fig.  1,  No.  5)  is  the 
application  for  which  a  multilevel  Helmert  block  adjustment  was  originally 
proposed.  The  drawbacks  of  the  batch  approach  are  so  great  that  even  for 
considerably  smaller  nets  a  multilevel  Helmert  block  adjustment  is  advantageous. 
Success  of  a  pilot  project  (Timmerman  1978)  and  other  projects  currently  underway 
indicates  that  the  NAD  adjustment  system  will  replace  TRAV10  in  constrained 
adjustments  (fig.  1,  No.  3)  in  the  1,000-station-and-greater  range.  Helmert  blocking 
provides  a  natural  way  of  managing  a  large  adjustment  project  by  the  way  it  breaks 
the  project  into  subtasks.  Each  subtask  can  be  handled  by  an  individual  or  by  an 
organizational  unit.  This  is  suggested  directly  by  the  Helmert  blocking  "tree,"  as 
figure  9  shows.  The  Postprocessor  subsystem  contains  modules  which  can  be  used 
to  report  information  in  the  RESTART  file  at  any  time  during  a  multilevel 
adjustment.  The  EDITOR  can  be  used  to  modify  RESTART  file  contents.  The 
combination  of  EDITOR  and  postprocessors  gives  the  Initial  Level  user  "interac- 
tive capability"  at  the  subtask  (block)  level. 

During  a  single  iteration,  the  various  tasks  performed  by  person  "A"  in  figure 
9  would  be: 

(1)  Execute  Adjustment  module  with  ADJ  =  "constrained"  and  GOAL  =  "reduce" 
(ILS  will  go  from  current  state  to  state  3). 

(2)  When  advised  by  individual  "B"  that  the  HLS  has  returned  a  partial  back 
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FIGURE  9. — The  Helmert  blocking  tree  suggests  an  organization  structure. 


solution,  execute  Adjustment  module  with  GOAL^'solve"  (the  HLS  will 
leave  the  ILS  in  state  6). 

(3)  Execute   ILS    postprocessors   to   obtain   appropriate   reports   and   perform 
analysis. 

(4)  Execute  the  EDITOR  module  to  make  changes  to  RESTART  file  after 
consulting  with  person  "B." 

Following  the  completion  of  step  1  by  person  "A,"  the  HLS  processes  A's  Initial 
Level  block  according  to  its  transition  diagram  (fig.  10).  The  HLS  completes  the 
(Gaussian)  elimination  of  junction  unknowns  and  computes  a  back  solution  for 
them.  The  solution  is  returned  to  the  ILS,  completing  the  transition  to  state  6. 


Application  to  Block  Validation 

The  DEM  is  the  final  product  of  horizontal  data  entry  (Isner  1978).  Block 
validation  is  the  process  which  assures  the  correctness  of  data  in  the  DEM  and 
relies  on  the  adjustment  as  its  main  validation  tool.  Since  a  DEM  can  be 
transformed  to  an  Initial  Level  Helmert  block  by  the  DEM  preprocessor,  the  NAD 
Adjustment  system  can  be  used  for  this  adjustment.  Since  only  one  block  is 
involved,  the  HLS  is  not  needed  in  block  validation. 

The  free  adjustment  of  a  single  Helmert  block  is  performed  simply  by 
executing  the  Adjustment  module  with  ADJ  =  "free"  and  GOAL  =  "solve"  until 
convergence.  Junction  points  are  frequently  indeterminate  (since  only  observations 
originating  from  inside  the  block  are  used  in  the  determination),  and  any  attempt 
to  eliminate  their  unknowns  will  encounter  singularities.  Such  unknowns  are 
automatically  fixed  as  the  reduction  proceeds.  The  result  is  a  positionally 
unconstrained  solution.  Residuals  may  be  computed  and  displayed  (using  a 
Postprocessor  module),  and  analyzed  by  the  user  to  complete  the  validation 
process. 
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HLS  Transition  Diagram 


6 

FIGURE  10.  —  HLS  transition  diagram. 


Application  to  Experimental  Adjustments 

The  ability  to  intervene  in  the  adjustment  process  and  investigate  and/or 
modify  behavior,  i.e.,  to  interact,  is  important  when  doing  research  into  the 
adjustment  process.  The  study  of  roundoff  error  (Meissl  1977)  took  advantage  of 
the  fact  that  normal  equations  are  accessible  at  intermediate  states.  For  example, 
it  is  possible  to  execute  the  Adjustment  module  with  GOAL^'setup"  and  then 
execute  a  module  that  extracts  normal  equation  statistics.  Another  module  which 
creates  and  substitutes  a  double-precision  version  of  the  normal  equations  can 
then  be  executed,  following  which  the  solution  can  be  obtained  by  specifying 
GOAL  ="solve"  to  the  Adjustment  module.  Finally,  a  comparison  of  single-  and 
double-precision  results  can  be  obtained  by  still  another  Postprocessor  module. 
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Application  to  Project  Validation 

When  an  Initial  Level  block  definition  is  such  that  the  DEM  contains  all  the 
observations  in  the  network,  we  have  the  degenerate  case  of  Helmert  blocking. 
There  are  no  junction  points,  and  so  the  complete  adjustment  can  be  done  at  the 
Initial  Level.  For  the  size  of  projects  occurring  in  this  application,  the  batch 
approach  is  entirely  appropriate.  Furthermore,  since  there  is  only  one  block,  the 
HLS  is  not  needed.  In  this  case,  the  ILS  can  be  made  to  act  exactly  like  TRAV10. 
Figure  11  shows  the  degenerate  case  of  Helmert  blocking. 

To  perform  a  batch  adjustment  of  such  a  network  requires  a  single  execution 
of  the  ILS  Adjustment  module.  Since  there  are  no  junction  unknowns,  the  ADJ 
parameter  may  be  omitted.  The  batch  user  also  omits  the  GOAL  parameter 
causing  the  solution  to  be  iterated. 

There  are  occasions,  however,  when  even  a  small  network  needs  special 
treatment,  e.g.,  when  the  user  wishes  to  monitor  a  particular  aspect  of  the 
adjustment  process  not  shown  in  the  standard  (batch)  postprocessor  report.  In  this 
case,  an  interactive  approach  may  be  taken,  using  the  same  adjustment  module, 
by  specifying  goal  states  and  applying  ad  hoc  postprocessors.  It  is  important  to  use 
the  same  adjustment  software  in  all  cases,  eliminating  the  need  to  maintain 
multiple  program  libraries. 


Initial  Level  Block  Definition 


FIGURE  11.  —The  degenerate  case  of  Helmert  blocking  (no  junction  points) 
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Summary  and  Conclusion 

A  new  adjustment  system,  which  recognizes  the  Helmert  block  as  the  basic 
unit  of  input,  is  gradually  replacing  the  TRAV10  system  for  all  kinds  of  adjustments 
at  NGS.  Of  equal  significance  to  the  increase  in  adjustment  capacity  is  the 
interactive  approach  to  adjustments  made  possible  by  the  new  system.  Each  of 
today's  adjustment  applications,  as  well  as  future  applications  involving  more 
sophisticated  (integrated)  geodetic  adjustment  models,  can  benefit  from  the 
introduction  of  the  interactive  approach. 
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Abstract:  In  solving  a  very  large  system  of  unknowns  using  the  Helmert 
blocking  technique,  the  data  are  first  partitioned  into  many  initial  level 
blocks.  For  each  block,  the  normal  equations  are  formed  and  partially 
reduced.  The  higher  level  system  then  accumulates  the  partially  reduced 
normal  equation  elements  for  the  junction  unknowns  of  the  lower  level 
blocks  to  form  a  new  higher  level  normal  equation  system.  The  new 
junction  unknowns  are  automatically  identified  and  the  associated  par- 
tially reduced  normal  equation  elements  are  passed  onto  the  higher  level 
blocks.  The  complete  "tree  structure"  defining  the  blocking  strategy  is 
processed  in  this  manner,  reducing  the  normal  equations  to  the  Cholesky 
factor.  The  tree  structure  is  then  followed  in  reverse,  completing  the  back 
solution. 

A  new  reordering  procedure  is  used  to  minimize  the  storage  and 
number  of  operations  for  each  higher  level  Helmert  block.  This  procedure 
identifies  groups  of  unknowns,  called  "cliques, "  which  can  be  considered 
as  single  nodes  in  the  reorder  problem.  This  reduces  an  otherwise 
intractably  large  reorder  problem  to  one  of  manageable  proportions. 

Requirements  for  Automatic  Helmert  Blocks 

There  are  several  semi-independent  stages  in  the  process  of  solving  a  system 
of  equations  using  the  Helmert  blocking  approach.  All  phases  of  the  work  are 
represented  by  various  papers  in  these  proceedings.  The  first  step  is  to  decide  on 
an  advantageous  partitioning  of  the  network.  Then,  to  accomplish  Helmert 
blocking,  the  initial  level  system  (Isner  1978a)  forms  and  partially  reduces  the 
normal  equation  matrix  for  each  initial  level  Helmert  block.  The  higher  level 
system  then  brings  together  the  initial  level  blocks  and  completes  the  reduction  of 
the  normal  equation  matrix  as  prescribed  by  a  blocking  strategy.  In  this  discussion, 
I  refer  to  the  "blocking  strategy"  as  the  tree  structure  that  specifies  which  blocks 
are  to  be  combined  on  each  level. 

Having  coded  the  programs  and  subroutines  for  the  higher  level  system  and 
then  having  reviewed  the  system  before  writing  this  paper,  I  was  most  impressed 
with  the  simplicity  of  the  concept.  In  his  paper  written  for  this  symposium,  Wolf 
(1978)  includes  the  original  instructions  given  by  Helmert  for  using  this  approach. 
Including  the  step  of  partitioning  the  network,  there  are  only  five  simple 
instructions.  Everything  we  have  done  follows  directly  as  a  natural  consequence  of 
these  instructions.   Of  course,   a  lot  of  detail  still  remains,   such  as  choosing  a 
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particular  method  of  partitioning  the  unknowns  and  the  observations,  and 
developing  a  procedure  for  handling  the  very  large  number  of  unknowns  and 
observations  in  a  problem  the  size  of  the  NAD  adjustment.  To  attempt  manually  to 
identify  and  sort  the  thousands  of  junction  unknowns  on  as  many  as  six  or  seven 
levels  of  blocking  would  be  an  unreasonable  task.  Our  system  automates  all  of 
these  procedures. 

The  functions  of  the  higher  level  system  are  to  (1)  bring  lower  level  blocks 
together  according  to  a  predefined  blocking  strategy,  (2)  merge  unknowns  from 
different  blocks  which  are,  in  fact,  the  same  unknowns,  and  (3)  determine  which 
unknowns  are  interior  and  can  be  eliminated  and  which  are  junction  unknowns 
and  must  be  carried  to  the  next  level  of  blocking.  The  system  must  then  (4)  create 
and  partially  reduce  the  normal  equation  matrix  for  the  current  level  and  (5)  "write 
out"  on  a  computer  disk  the  junction  unknown  elements  to  be  passed  to  higher 
levels.  This  is  really  all  that  is  involved  in  Helmert  blocking.  The  technique  only 
becomes  complicated  in  the  computer  implementation  needed  to  handle  large 
volumes  of  data.  For  example,  in  the  process  of  creating  the  normal  equation 
matrix  the  unknowns  are  reordered  to  minimize  the  storage  and  number  of 
operations  needed  to  reduce  each  block.  The  reorder  step  itself  adds  a  considerable 
level  of  complexity  to  the  programs. 

There  are  four  basic  types  of  data  that  are  passed  from  one  level  of  blocking 
to  the  next.  The  necessary  data  sets  are  (1)  unique  block  identifiers,  (2)  for  each 
block,  a  list  of  the  unique  global  identifiers  of  the  unknowns  in  that  block,  (3)  a  set 
of  cross-reference  lists,  and  (4)  the  partially  reduced  normal  equation  elements.  In 
conjunction  with  a  blocking  strategy  that  specifies  which  blocks  to  combine  (fig.  1), 
these  are  all  the  data  needed  to  create  a  new  higher  level  block. 

Prior  to  the  solution,  each  unknown  must  be  assigned  a  unique  global 
identifier,  which  is  used  in  each  block  where  it  occurs,  to  identify  that  unknown. 
As  blocks  are  brought  together  these  identifiers  are  used  to  determine  where  the 
same  unknown  occurs  in  two  or  more  blocks.  The  location  of  this  unknown  within 
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Figure  1. — Tree  structure/blocking  strategy 


Helmert  Block  Higher  Level  System  419 

the  lower  level  block  then  determines  which  normal  equation  elements  must  be 
accumulated  when  the  normal  equation  matrix  of  the  higher  level  block  is  created. 

The  block  identifiers  are  used  in  two  ways,  in  specifying  the  blocking  strategy 
and  in  the  block  composition  list.  (See  fig.  1.)  The  block  composition  list  of  a 
higher  level  block  consists  basically  of  a  list  of  the  initial  level  blocks  from  which 
it  is  constructed.  The  composition  list  of  a  block  is  accumulative,  i.e.,  the  lists  of 
the  lower  level  blocks  being  combined  are  merged  to  become  the  composition  list 
of  the  new  higher  level  block  being  formed.  Within  our  system  this  procedure  is 
initiated  by  the  use  of  QID's  (quad  identifiers)  (Alger  1978)  to  specify  a  similar 
composition  list  for  first-level  blocks.  Thus,  in  actual  practice  we  accumulate  lists 
of  QID's  for  the  higher  level  block  composition  list.  This  is  necessary  because  the 
first-level  blocks  are  determined  by  the  QID's  that  reflect  the  geographical 
coverage  of  each  first-level  block  (Isner  1978b).  This  list  of  identifiers,  the  block 
composition  list,  is  then  used  with  the  cross  references  to  determine  which 
unknowns  are  interior  with  respect  to  the  given  composition  list  and  which  are 
junction  unknowns  to  be  passed  onto  the  next  higher  level. 

In  its  simplest  form  the  cross-reference  list  for  a  given  unknown  identifies 
which  initial  level  blocks  are  associated  with  the  unknown.  An  example  of  a  cross- 
reference  list  is  shown  in  figure  2.  A  cross-reference  list  for  a  given  station  is 
derived  from  the  stations  it  is  "seen  by."  This  station  list  is  then  reduced,  as 
shown  in  figure  2,  to  indicate  what  blocks  the  station  is  connected  to;  this  then 
becomes  the  cross-reference  list.  Again,  within  our  system  QID's  are  used  instead 
of  blocks,  making  the  list  slightly  longer  than  would  otherwise  be  necessary.  The 
cross-reference  list,  in  conjunction  with  the  blocking  strategy,  determines  at  which 
level  an  unknown  becomes  an  interior  unknown  and  can  thus  be  eliminated  from 
the  normal  equation  system.  At  the  time  each  new  Helmert  block  is  created  the 
cross-reference  list  is  checked  against  the  block  composition  list.  If  all  the  blocks 
with  which  the  unknowns  are  associated  have  been  combined,  the  point  then 
becomes  an  interior  unknown  to  be  eliminated  in  the  reduction  of  that  block. 

Thus,  it  is  the  interaction  of  the  three  types  of  information  that  determines  the 
level  and  particular  block  in  which  an  unknown  is  eliminated  from  the  normal 
equation  system.  The  blocking  strategy  specifies  how  to  accumulate  Helmert 
blocks.  Then  the  cross-reference  list  and  the  block  composition  list  determine 
when  an  unknown  becomes  interior  and  can  be  eliminated. 

It  should  be  pointed  out  that  any  problem  that  can  be  solved  with  only  one 
higher  level  block  does  not  need  cross-reference  information.  This  is  because  the 
only  function  of  cross  references  is  to  determine  when  a  junction  unknown  must  be 
carried  forward  to  higher  level  Helmert  blocks.  Therefore,  if  all  of  the  junction 
unknowns  can  be  combined  in  one  higher  level  block,  cross  references  are  not 
needed. 

There  are  certainly  other  methods  for  managing  the  process  of  Helmert 
blocking.  One  method  would  be  to  use  the  connectivity  information  in  the 
observations  for  a  giant  reordering  of  the  entire  data  set  and  to  use  this  ordering 
optimally  to  define  the  initial  level  blocks  and  the  various  levels  at  which  the 
particular  unknowns  are  eliminated.  Some  discussion  of  this  approach  is  given  by 
Pope  (1978).  In  this  approach,  for  instance,  one  could  use  a  nested  dissection 
reordering  (George  1973),  followed  by  a  matrix  reduction  routine  which  blocked  the 
records  to  avoid  processing  zero  elements  within  the  profile  which  do  not  "fill." 
However,   it   should   be   emphasized   that   by  applying  the   principles   of  nested 
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Cross  Reference  List,  Station  1 

Station  1  Is 
Seen  by 


Stations 

2,  3,  4,  5,  6,  7 

Blocks 

I,  II,  IV,  V 

Figure  2. — An  example  of  a  cross-reference  list. 

dissection  to  the  Helmert  blocking  strategy,  our  current  system  can  approach  a 
minimum  fill  solution.  The  next  several  paragraphs  give  more  insight  into  the 
practical  aspects  of  these  two  approaches. 

While  a  complete  reordering  of  the  network  prior  to  the  adjustment  may 
produce  better  storage  use  and  fewer  arithmetic  operations,  there  are  some 
practical  advantages  to  our  Helmert  blocking  procedure.  One  is  that  at  each  step 
of  the  procedure  a  minimum  amount  of  information  is  needed.  This  is  particularly 
important  in  data  preparation.  Each  initial  level  Helmert  block  can,  in  fact,  be 
created  independently.  A  blocking  strategy  can  then  be  set  up  based  on  nested 
dissection  or  some  other  procedure  for  combining  blocks.  This  flexibility  is 
important  in  an  adjustment  as  large  as  the  NAD  where  different  individuals,  indeed 
even  different  countries,  will  be  responsible  for  different  blocks. 
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The  other  approach  mentioned  would  require  that  all  of  the  connectivity  data 
be  accessible  for  some  grand  reordering  scheme  prior  to  the  adjustment.  The  initial 
unknowns  could  then  be  tagged  with  their  particular  blocks  and  levels  of 
elimination.  Originally,  the  NGS  data  base  was  not  designed  for  this  application. 
So  for  the  time  being,  such  an  approach  cannot  be  handled.  However,  we  have 
considered  that  possibility  and  in  the  future  have  the  option  to  develop  programs  to 
determine  an  optimum  selection  of  junction  unknowns  and  blocking  strategy  based 
on  such  a  prior  ordering.  This  would  enable  us  to  use  our  present  Helmert  blocking 
programs  to  best  advantage.  With  a  judicious  selection  of  first-level  blocks  to 
minimize  the  junction  unknowns  along  the  boundaries  and  the  use  of  a  nested 
dissection  strategy,  our  present  system  will  automatically  assign  the  level  of 
junction  unknowns  and  should  approach  an  optimum  use  of  storage  and  a  near 
minimum  number  of  arithmetic  operations. 

With  the  current  system  it  is  also  possible  to  begin  the  solution  before  all  the 
data  have  been  prepared.  I  do  not  want  to  suggest  this  is  the  best  procedure; 
however,  if  the  data  were  complete  in  one  part  of  the  country  but  not  finished 
elsewhere,  then  blocks  could  be  formed  and  combined  up  to  the  level  where  the 
missing  blocks  would  be  needed  to  complete  the  reduction.  One  advantage  would 
be  to  get  a  start  on  identifying  and  correcting  errors  that  cause  singularities  in 
station  coordinates  occurring  along  the  boundaries  between  blocks.  In  addition, 
the  computer  time  required  for  reduction  would  be  spread  out  over  a  longer  time 
span,  which  could  also  overlap  the  data  entry  time  period. 


Reordering  Higher  Level  Helmert  Blocks 

In  the  initial  level  programs  of  Helmert  blocking  and  standard  production 
runs,  the  unknowns  are  reordered  to  reduce  the  storage  requirement  and  the 
number  of  operations  necessary  to  solve  the  normal  equation  matrix.  One  of  the 
initial  requirements  for  the  higher  level  programs  was  that  they  should  also  reorder 
the  normal  equations.  However,  this  task  becomes  much  larger  in  the  higher  level 
normal  equation  system. 

The  reorder  problem  is  larger  in  the  higher  level  system,  because  the 
elimination  of  the  interior  unknowns  of  the  lower  level  blocks  created  new  nonzero 
elements  or  "fill"  in  the  higher  level  normal  equations.  These  can  be  thought  of  as 
additional  connections  between  junction  stations  in  a  graphical  diagram  of  the 
network.  In  fact,  for  a  block  where  all  of  the  stations  are  interconnected,  the  entire 
region  of  the  junction  unknowns  will  likely  become  completely  interconnected  by 
nonzero  off-diagonal  elements.  These  nonzero  off-diagonal  elements  are  repre- 
sented by  connections  between  stations  in  a  graphical  diagram  of  the  network  and 
obviously  must  be  considered  in  the  next  level  normal  equation  matrix. 

Graph  theory  algorithms  make  use  of  a  table,  usually  called  a  neighbor  list, 
that  shows  which  stations  are  connected.  First-level  blocks,  after  elimination  of  the 
orientation  unknowns,  may  have  as  many  as  50  connections  to  a  single  station. 
Higher  level  blocks  of  comparable  size  may  have  up  to  800  stations  connected. 
When  the  number  of  connections  is  multiplied  by  the  estimated  1,000  to  2,000 
stations  per  block,  reordering  by  manipulating  the  order  of  individual  stations  then 
becomes  an  unrealistic  task.  Fortunately,  a  solution  to  the  problem  was  found  by 
examining  the  structure  of  the  higher  level  normal  equation  matrices. 
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It  was  noted  that  because  of  the  fill,  large  groups  of  unknowns  were  fully 
interconnected  and,  in  addition,  fully  formed  connections  existed  between  such 
groups.  We  will  call  such  fully  interconnected  groups  "connected  cliques."  Figure 
3  shows  graphically  what  is  meant  by  a  clique.  The  graphic  theoretical  definition  of 
a  clique  is  shown  on  the  right;  every  node  is  connected  to  every  other  node  in  the 
clique.  The  definition  of  a  connected  clique,  as  used  in  this  problem,  is  shown  on 
the  left  of  figure  3.  In  our  case,  a  clique  is  completely  connected,  and  in  addition 
is  connected  to  other  cliques.  These  connections  are  such  that  where  two  cliques 
are  connected  all  nodes  of  the  two  cliques  are  completely  interconnected  and,  in 
addition,  the  two  cliques  have  different  sets  of  connecting  cliques  (see  left  side  of 
fig.  3).  If  the  second  condition  were  not  true,  then  the  two  cliques  would  no  longer 
be  distinct  but  become  one  larger  clique. 

The  solution,  then,  was  to  reorder  by  treating  cliques  as  individual  nodes  in 
the  reorder  algorithm.  Since  the  cliques  remain  fully  connected  in  any  reordering, 
manipulation  of  individual  unknowns  will  not  improve  on  the  results  obtained  by 
reordering  the  cliques.  In  fact,  one  can  show  that  the  bankers  algorithm  (Snay 
1976)  orders  the  nodes  within  a  clique  sequentially.  Figure  4  shows  graphically  how 
the  use  of  cliques  as  individual  nodes  reduces  the  magnitude  and  complexity  of 
this  type  of  work.  The  larger  complex  net  can  be  replaced  by  the  smaller  simpler 
diagram  for  purposes  of  reordering  the  network. 

The  use  of  cliques  as  nodes  in  the  reorder  algorithm  reduces  the  magnitude  of 
the  work  for  reordering  the  unknowns.  However,  it  adds  an  additional  complexity 
in  what  is  to  be  defined  as  the  "degree"  of  a  node.  The  degree  of  a  node  is  a 
parameter  used  by  most  reorder  algorithms.  Normally,  the  degree  of  a  node  is  the 
number  of  connections  to  the  node.  In  the  procedure  being  used,  the  node  is 
multivatiate.  Three  characteristics  of  a  node  are  considered  in  defining  the  degree 
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Figure  3.  — Definition  of  cliques 
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FIGURE  4. — Graph  simplication  using  the  clique  definition. 


of  a  node:  the  number  of  neighboring  nodes,  the  number  of  stations  within  each 
node,  and  whether  a  node  is  composed  of  junction  points  or  interior  points. 
Considering  these  characteristics  of  a  node,  at  least  four  definitions  suggest 
themselves  as  possible  measures  of  "degree": 

1.  the  sum  of  the  number  of  stations  in  the  neighboring  nodes, 

2.  the  number  of  neighboring  nodes, 

3.  the   product   of  the   number  of  neighboring  stations   and   the   number  of 
stations  in  the  given  node,  and 

4.  (a)  for  interior  nodes,  the  number  of  neighboring  interior  stations  times  the 

number  of  stations  within  the  nodes,  and 
(b)  for  junction  nodes,  the  number  of  neighboring  interior  stations  divided 
by  the  number  of  stations  within  the  node. 

Method  4  above  was  specifically  designed  for  Helmert  blocking  and  contains  two 
separate  definitions  for  interior  and  junction  notes.  These  four  methods  for 
measuring  "degree"  have  been  tested  within  a  modified  version  of  the  reverse 
Cuthill-McKee  algorithm.  Each  has  shown  improved  results  over  the  previous  test, 
with  method  4  performing  best. 

Figure  5  shows  the  potential  magnitude  of  the  savings  for  a  typical  higher 
level  Helmert  block.  The  minimum  and  maximum  number  of  connections  are 
shown   when  250  junctions  are   passed  forward  from   each  lower  level  Helmert 
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block,  assuming  these  are  equally  distributed  along  the  border.  Reductions  in  the 
number  of  nodes  and  connections  are  significant.  The  saving  in  computer  time  is 
harder  to  estimate,  but  a  rough  estimate  for  reordering  a  higher  level  Helmert 
block  by  manipulating  the  individual  stations  could  be  as  high  as  2  hours  of  central 
processing  time  on  a  CDC  6600.  Reordering  the  cliques  should  take  several 
seconds.  This  is  not  the  total  story  as  it  does  not  consider  the  cost  of  identifying 
the  cliques.  However,  much  of  the  work  must  be  done  anyway  in  the  process  of 
searching  for  the  occurrence  of  identical  unknowns  in  different  lower  level  blocks. 
Tests  done  by  Timmerman  (1978)  indicate  that  this  reorder  procedure  is  not 
expensive  when  compared  to  the  total  solution  time. 

It  should  be  noted  that  the  use  of  fully  connected  groups  as  nodes,  as 
described  above,  does  not  dictate  the  algorithm  to  be  used  in  ordering  the  groups. 
In  the  reordering  of  the  higher  level  blocks,  we  are  currently  using  a  modification 
of  the  reverse  Cuthill-McKee  algorithm  (Cuthill-McKee  1969).  This  modified 
algorithm  places  junction  stations  last  in  the  ordering,  as  required  by  Helmert 
blocking.  It  also  gives  preference  to  the  neighbors  of  junction  unknowns  when 
ordering  interior  stations. 

The  higher  level  reorder  algorithm  works  as  follows.  Given  N ,  interior  nodes 
and  NT  total  nodes:  as  interior  nodes  are  ordered,  they  are  assigned  to  locations  /V7 
and  successively  lower  locations;  as  junction  nodes  are  assigned,  they  are  assigned 
to  location  Nr  and  successively  lower  locations. 

1.  A  starting  node  must  be  provided.  The  starting  node  is  assigned  to  location 
N i  or  /V7 ,  depending  on  whether  it  is  an  interior  or  junction  node. 

2.  The  next  junction  node,  which  has  been  assigned  and  which  has  not  yet 

Given  Lower  Level  Blocks  With  250  Junction  Stations 

Per  Block 


In  Higher  Level  Blocks 


These  Conditions 


Give  Connections  of 


M 


840     Per  Station 
27     Per  Clique 


A a 


360     Per  Station 
13     Per  Clique 


Figure  5. — Estimation  of  the  reduction  of  the  reorder  problem. 
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been  used  as  the  current  node,  is  defined  as  the  current  node.  If  all 
assigned  junction  nodes  have  been  used  as  the  current  node,  then  the  next 
assigned  interior  node,  not  yet  used  as  a  current  node,  is  defined  as  the 
current  node. 

3.  The  neighboring  nodes  of  the  current  node  are  ordered  by  degree  from 
smallest  to  largest,  and  assigned  to  successive  locations  in  order.  If  a  node 
is  interior,  it  is  assigned  the  next  interior  location;  if  it  is  a  junction  node, 
it  is  assigned  the  next  junction  location. 

4.  If  all  nodes  have  been  assigned,  STOP. 

5.  RETURN  TO  STEP  2. 

Conclusions 

The  reorder  technique  explained  above  has  been  programmed  and  is  currently 
working  satisfactorily  within  our  higher  level  system.  In  the  future,  we  plan  to  do 
more  testing  and  evaluation  of  the  reorder  algorithm.  The  use  of  such  a  general 
reorder  algorithm  may  also  need  to  be  evaluated.  If  a  strict  nested  dissection 
strategy  were  adopted,  it  might  be  desirable  to  write  a  computer  code  specifying 
an  explicit  ordering  of  the  cliques.  But  if  we  wish  to  have  the  option  of  testing 
varied  blocking  strategies,  then  a  general  reorder  algorithm  is  desirable. 

An  important  use  for  reordering  in  this  manner  could  occur  in  a  situation 
where  one  would  like  to  eliminate  the  need  for  cross-reference  information.  As 
mentioned  previously,  this  is  possible  if  the  junction  unknowns  for  all  initial  level 
Helmert  blocks  can  be  combined  into  one  higher  level  block.  In  this  case,  it  might 
be  desirable  to  combine  many  initial  level  blocks  together  at  once.  The  reorder 
algorithm  would  be  important  in  reducing  the  storage  needed. 

The  Helmert  blocking  computer  system  has  been  tested  successfully  (Timmer- 
man  1978,  these  proceedings).  The  test  done  by  Timmerman  serves  mainly  to  test 
the  data  entry  and  data  validation  procedures;  however,  it  did  test  the  higher  level 
system's  ability  to  handle  large  second-level  blocks.  A  more  extensive  test  of  the 
logic  of  the  higher  level  system  was  accomplished  in  another  test  where  we  divided 
a  1,336-station  horizontal  network  into  37  initial  level  blocks.  These  37  initial  level 
blocks  were  then  successively  combined  using  various  blocking  strategies  with 
several  levels  of  blocking.  The  higher  level  system  has  performed  well  in  all  cases 
so  far.  We  are  now  looking  forward  to  running  even  larger  data  sets  and  to  making 
some  detailed  tests  to  evaluate  the  efficiency  of  specific  parts  of  the  system. 

References 

Alger,  David  E.,  1978.  Implementation  of  the  National  Geodetic  Survey  data  base.  Proceedings  of  the 

Second  International  Symposium   on   Problems  Related  to  the  Redefinition   of  North  American 

Geodetic  Networks,  Arlington,  Va.,  April  24-28. 
Cuthill,  E.  and  McKee  J.,  1969.  Reducing  the  bandwidth  of  sparse  symmetric  matrices.  Proceedings  of 

Association  for  Computing  Machinery,  24th  National  Conference,  August  26-28,  157-172. 
George,  A.,  1973.  Nested  dissection  of  a  regular  finite  element  mesh,  SI  AM  J .  Numer.  Anal.,  10,  345- 

363. 
Isner,  John   F.,    1978a.    Helmert   block   initial   level   system.   Proceedings   of  the  Second  International 

Symposium   on   Problems   Related   to   the   Redefinition   of  North   American   Geodetic   Networks, 

Arlington,  Va.,  April  24-28. 
Isner,  John  F.,  1978b.  A  process  chart  of  the  new  adjustment.  Proceedings  of  the  Second  International 

Symposium   on   Problems   Related   to   the   Redefinition   of  North  American   Geodetic   Networks, 

Arlington,  Va.,  April  24-28. 


426  William  H.  Dillinger 

Pope,  Allen  J.,  1978.  Helmert  blocking  strategies.  Proceedings  of  the  Second  International  Symposium 

on  Problems  Related  to  the  Redefinition  of  North  American  Geodetic  Networks,  Arlington,  Va.,  April 

24-28. 
Snay,  Richard  A.,  1976.  Reducing  the  profile  of  sparse  symmetric  matrices,  Bulletin  Geodesique,  50, 

341-352. 
Timmerman,  Edward  L.,  1978.  A  test  of  the  NAD  horizontal  readjustment  system.  Proceedings  of  the 

Second  International  Symposium  on   Problems  Related  to  the  Redefinition  of  North  American 

Geodetic  Networks,  Arlington,  Va.,  April  24-28. 
Wolf,   H.,   1978.  The  Helmert  block   method,   its  origin  and  development.  Proceedings  of  the  Second 

International  Symposium  on  Problems  Related  to  the  Redefinition  of  North  American  Geodetic 

Networks,  Arlington,  Va.,  April  24-28. 

Discussion 

Poder:  Can  you  visualize  a  scheme  for  modifying  the  blocking  strategy  in  a  recursive  fashion  for  the 
process  to  select  the  optimum  strategy  rather  than  being  blocked  into  a  prescribed  procedure? 

Dillinger:  I  tried  to  contrast  the  two  different  approaches,  i.e.,  the  concept  where  all  the  connectivity 
information  is  available  at  the  start  for  reordering,  such  as  nested  dissection,  against  our  present 
procedure  where  the  reordering  is  based  on  Helmert  blocks  which  are  automatically  brought  together. 
What  you  are  asking  would  require  that  all  the  information  be  available  at  the  start  of  the  solution  and 
be  stored  in  the  data  base  so  the  Helmert  blocking  applications  program  could  interact  with  it.  If  all 
these  conditions  were  met,  then  I  believe  the  approach  you  mentioned  could  be  used  and  would  be  a 
good  one. 

Gergen:  What  Poder  is  proposing  is  a  one-shot  adjustment.  Our  process  can  be  broken  into  hundreds  of 
small  independent  problems  and  can  be  run  on  the  computer  in  a  short  time,  with  opportunity  for 
human  intervention.  Certain  safeguards  within  the  system  allow  our  investigators  to  interact  with  the 
process.  This  method  meets  our  needs.  The  batch  type  or  one-shot  approach  can  be  used  for  other 
applications  but  not  for  the  NAD  adjustment,  which  is  too  large  with  the  present  computer  configuration. 
We  are  continuing  to  look  for  other  solutions. 
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Abstract:  One  of  the  system  design  requirements  for  the  redefinition  of 
North  American  geodetic  networks  is  a  means  for  estimating  the  accuracy 
of  results.  This  can  be  done  by  generating  normal  equation  matrix  inverse 
elements,  from  which  selected  variance  and  covariance  terms  can  be 
derived.  Another  solution  is  to  use  the  reduced  normal  equations  directly 
to  generate  variance-covariance  matrices  for  functions  of  the  normal 
equation  unknowns.  With  the  former,  the  relative  merits  of  generating 
complete  or  partial  inverses  for  both  full  and  sparse  matrices  by  in-place 
and  bordering  techniques  are  discussed.  Numerical  operation  counts  are 
used  to  show  that  for  sparse  normals,  such  as  those  associated  with 
geodetic  network  adjustments,  it  is  more  economical  to  generate  inverse 
terms  corresponding  to  all  nonzero  connections  in  the  reduced  normals  by 
an  in-place  technique  than  it  is  to  generate  only  diagonal  terms  by 
bordering.  The  problem  of  tradeoffs  between  computing  time  and  data 
storage  is  illustrated  by  a  discussion  of  two  matrix  inverse  routines 
designed  for  the  Helmert  blocking  system  of  adjustment.  Concerning  the 
latter,  a  method  has  been  devised  for  using  Helmert  blocking  techniques 
and  computer  software  for  error  propagation  involving  normal  equation 
unknowns  which  are  not  in  the  same  Helmert  block. 

Introduction 

One  of  the  system  design  requirements  for  the  redefinition  of  North  American 
geodetic  networks  is  a  means  for  estimating  the  accuracy  of  results.  The  usual 
procedure  is  to  generate  variance-covariance  matrices  for  all  variables  of  interest 
from  the  inverse  of  the  normal  equation  matrix.  Depending  on  the  zero-nonzero 
structure  of  the  matrix  and  the  method  used  to  generate  the  inverse  terms,  this 
can  be  a  very  costly  procedure,  especially  for  extremely  large  networks.  It  is  my 
purpose  to  compare  the  relative  efficiencies  of  several  matrix  inversion  methods 
and  describe  the  one  selected  for  the  North  American  Datum  (NAD)  Helmert 
blocking  system.  A  brief  discussion  follows  on  a  technique  for  propagating  errors 
of  functions  of  unconnected  unknowns. 

Selected  Matrix  Inversion  Methods 

To  provide  a  basis  for  later  discussion,  some  of  the  more  common  full  and 
banded  matrix  inversion   methods   are  listed   and   symbolized   in  figure   1.   Each 
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FULL 
MATRIX 


BANDED 
MATRIX 


1.  IN-PLACE  TECHNIQUES,  FULL 

CHOLESKY  TRIANGULARIZATIQN 
RECURSIVE  PARTITIONING 


2.  ONE-COLUMN  BORDERING,  FULL 


REDUCTION  &  SOLUTION 


3.  N-COLUMN  BORDERING,  FULL 
REDUCTION  &  ACCUMULATION 


4.  DIAGONAL  ELEMENTS  ONLY 
BY  ONE-COLUMN  BORDERING 

REDUCTION  &  ACCUMULATION 


a 


5.  INVERSE  WITHIN  BAND  ONLY 
RECURSIVE  PARTITIONING 

FIGURE  1. — Selected  methods  lor  computing  matrix  inverses  Irom  symmetric  normal  equation 

matrices. 

method  follows  and  makes  use  of  a  Cholesky  reduction  of  the  normals.  In-place 
techniques  reuse  the  space  occupied  by  the  reduced  normals  with  little,  if  any, 
additional  storage  required.  With  Cholesky  triangularization,  the  triangular  factor 
is  inverted  and  multiplied  by  its  transpose  to  produce  the  normal  equation  inverse. 
Recursive  partitioning  generates  the  inverse  a  row  (or  column)  at  a  time,  starting 
with  the  last  row,  each  time  making  use  of  the  inverse  elements  previously 
computed.  For  full  matrices,  these  methods  are  equally  efficient.  However, 
because  Cholesky  triangulation  cannot  be  used  for  partial  inverses,  the  term  "in- 
place''  will  henceforth,  in  this  paper,  refer  to  recursive  partitioning. 

One-column  bordering  generates  a  full  inverse,  one  column  (or  row)  at  a  time, 
by  reducing  and  back  solving  a  column  containing  a  1  in  the  row  of  interest  and 
zeros  elsewhere. 
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MULTIPLICATIONS 

COEFFICIENT  MATRIX 
FACTORIZATION 

(1) 

=  BCB+DC3N-2B+2)  -  N 
6 

DISCREPANCY  VECTOR 
REDUCTION 

(2) 

=  BC2N-B+1) 
2 

PVV  ACCUMULATION 

(3) 

-  N 

SOLUTION  BY  BACK 
SUBSTITUTION 

(4) 

=  BC2N-B+1) 

2 

FULL  INVERSE  BY 
IN- PLACE  METHOD 

(5) 

=  BN(N+1)  -  B(B2-1) 
2      6 

FULL  INVERSE  BY 
ONE-COLUMN  BORDERING 

(6) 

=  B(B+l)(B+2)  +  B(N-B)(N+2) 
3 

FULL  INVERSE  BY 
N-COLUMN  BORDERING 

(7) 

-  N(N+l)(N+2)  +  B(B+l)(B+2) 
6          6 

+  BCN-BKN+2) 
2 

SUBTRACTIONS 


DIAGONAL  ELEMENTS  BY 
ONE- COLUMN  BORDERING 

INVERSE  WITHIN  BAND 
BY  IN- PLACE  METHOD 


(8)  =  BCB+DCB+5)  +  (N-B)(B(N+3)+N+l) 

6  2 

(9)  -  B(B+1)(2B+1)  +  B2(N-B) 


(1) 


(B-1X2N-B) 
2 


(2)  -  N 


(3) 

(4)  - 

-  N 

(5)  - 

-  NCN+1) 

2 

(6)  -  NCN+1) 


(7)  -  NCN+1) 


(8)  -  NCN+1) 

2 

(9)  -  BC2N-B+1) 


FIGURE  2. — Arithmetic  operation  counts  for  reducing,  solving,  and  inverting  banded  normal  equation 
matrices  of  order /V  and  semibandwidth  B  (including  diagonal  term). 

/V-column  bordering  augments  the  reduced  normals  with  a  unit  matrix  of  the 
same  order.  The  augmented  unit  matrix  is  reduced  and  the  normal  equation 
inverse  matrix  formed  by  accumulating  column  products  in  a  third  matrix  below 
the  augmented  matrix. 

If  only  the  inverse  diagonal  elements  are  required,  the  reduced  normals  can 
be  augmented  by  a  single  column  containing  a  1  in  the  desired  row  and  zeros 
elsewhere.  The  column  is  reduced  and  the  inverse  diagonal  element  computed  by 
accumulating  the  sum  of  squares  of  the  augmented  column  elements  in  the  last 
row  of  the  column. 

For  banded  matrices,  recursive  partitioning  can  be  used  to  generate  inverse 
elements  in  place  within  the  band,  ignoring  those  outside  the  band. 


Numerical  Operation  Counts  and  Ratios 

The  relative  efficiency  of  each  method  is  indicated  by  the  number  of 
arithmetic  operations  required  to  obtain  an  inverse.  For  full  and  constant 
bandwidth  matrices,  the  number  of  operations  can  be  expressed  as  functions  of 
the  matrix  order  and  bandwidth.  For  banded  matrices,  these  functions  are  shown 
in  figure  2.  The  equations  are  for  symmetric  matrices,  where  only  the  upper 
triangular  elements  are  stored  and  used.  All  operations  beyond  the  first  follow  and 
make  use  of  the  Cholesky-factored  normals.  In  addition  to  multiplications  and 
subtractions,  the  coefficient  matrix  Cholesky  factorization  also  requires  N  divisions 
and  N  square  roots.  The  numbers  of  subtractions  are  shown  as  being  equal  to  the 
number  of  multiplications   minus  the  quantities  indicated.   When  the  order  and 
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MULTIPLICATIONS 


SUBTRACTIONS 


COEFFICIENT  MATRIX 
FACTORIZATION 

DISCREPANCY  VECTOR 
REDUCTION 

PVV  ACCUMULATION 

SOLUTION  BY  BACK 
SUBSTITUTION 

FULL  INVERSE  BY 
IN-PLACE  METHOD 

FULL  INVERSE  BY 
ONE-COLUMN  BORDERING 

FULL  INVERSE  BY 
N- COLUMN  BORDERING 

DIAGONAL  ELEMENTS  BY 
ONE- COLUMN  BORDERING 


(1)  =  N(N+4)(N-1) 

6 

(2)  -  N(N-t-l) 

2 

(3)  =  N 

(4)  =  N(N+1) 

2 

(5)  r  N(N+1)(2N+1) 

6 

(6)  -  N(N+l)(N+2) 

3 

(7)  =  N(N+l)(N+2) 

3 

(8)  -N(N+l)(N+5) 


(1)  -  N(N-l) 


2 

(2)  • 

-  N 

(3) 

«)  - 

-  N 

(5)  - 

•  N(N+1) 

2 

(6)  -  N(N+1) 

(7)  •■  N(N+1) 
(8) 


2 
N(N+1) 


FIGURE  3. — Arithmetic  operation  counts  tor  reducing,  solving,  and  inverting  full  normal  equation 

matrices  ot  order  /V. 

semibandwidth  are  equal,  i.e.,  when  the  matrices  are  full,  the  functions  degenerate 
into  those  shown  in  figure  3. 

It  is  instructive  to  generate  numbers  with  these  equations  to  show  the  large 
differences  in  computations  between  full  and  banded  matrices  and  the  clear 
superiority  of  the  in-place  inversion  method  over  all  others.  Because  multiplications 
constitute  the  bulk  of  time  spent  during  a  matrix  inversion,  only  these  will  be 
discussed.  For  our  present  purpose,  we  shall  ignore  the  otherwise  important 
consideration  of  storage  requirements  and  the  time  spent  on  indexing  and  retrieval 
algorithms.  Figure  4  shows  the  numbers  of  multiplications  required  for  full 
matrices  of  orders  100,  500,  1,000,  5,000,  and  10,000.  Of  more  importance  than  the 
actual  numbers  of  multiplications  are  the  ratios  of  these  numbers  to  each  other. 
We  are  particularly  interested  in  how  many  more  multiplications  it  takes  to 
compute  an  inverse  than  to  compute  a  Cholesky  factor.  Item  A  is  the  number  of 
multiplications  needed  for  factorization.  Items  E,  F,  and  G  are  the  number  of 
multiplications  for  a  full  inverse  by  in-place,  one-column,  and  TV-column  methods, 
respectively.  Item  //  is  the  number  of  multiplications  for  computing  inverse 
diagonal  elements  by  one-column  bordering.  The  ratios  of  E,  F,  G,  and  //  to  A  are 


A  Posteriori  Error  Propagation 


431 


# 

o  o 

o 

o 

o 

o 

o  o 

o 

o 

o 

o  o  © 

O 

# 

o 

o 

« 

o  o 

o 

o 

o  o 

©  o  o 

© 

o  o  o 

© 

* 

o 

© 

* 

o  o 

o 

o 

o  o 

©  o  o 

o 

o  o  © 

o 

# 

o 

o 

* 

o  o 

o 

m 

o  in 

in  © 

© 

m 

•     •     • 

• 

* 

in  in 

* 

ft    .H 

^ 

o 

r-t 

o 

ro  * 

* 

r- 

CM  CM  CM 

1-* 

# 

o 

© 

# 

v£> 

© 

o 

to  to  lO 

s0 

« 

o 

© 

* 

vD 

© 

© 

tO  tO  fO 

\D 

» 

o 

o 

* 

«-l 

m 

in 

CO  tO  fO 

\D 

* 

m 

m 

* 

1*. 

to  * 

Jf 

r- 

* 

* 

V0 

tO  K>  tO 

^ 

# 

# 

4) 

rO  fO 

rO 

vfl 

* 

* 

*-i 

rO  fO  fO 

«■* 

* 

* 

» 

# 

# 

* 

o  © 

o 

o 

© 

O 

©  © 

© 

o 

© 

ON    ©    O 

r-t 

# 

© 

o 

# 

o  o 

o 

o 

o 

© 

©  © 

© 

© 

0>  oo 

O 

* 

o 

o 

# 

o  o 

o 

in 

o  m 

in  o  o 

in 

(J\    O    O 

© 

# 

in  in 

# 

in  in 

o 

cm 

in 

CM 

I"-   o 

© 

t> 

•     •      • 

e 

# 

CM 

CM 

* 

to 

o 

© 

vfl  NN 

ro 

«-l  CM  CM 

•H 

* 

o 

© 

# 

CO 

m 

ifi 

f-«  vfl  \D 

to 

# 

in 

m 

* 

i/> 

CM 

rM 

CT»  r-t 

*H 

eo 

♦ 

CM  CM 

33 

♦ 

a- 

<H 

H 

f»  On 

^ 

in 

» 

«■* 

c-t 

_n 

# 

«o 

Ml  <£ 

s0 

co 

# 

■o 

* 

o 

»-*  i-l 

»-« 

o 

* 

£ 

# 

cm 

*  * 

* 

CM 

# 

* 

# 

■o 

B 

c/) 

# 

;fl 

2 

o  o 

o 

o 

o 

© 

©  © 

o 

O 

© 

f-  o  o 

to 

* 

© 

© 

9J 

o 

o  o 

c 

c 

o 

o 

o  o 

C 

ON    3    © 

o 

# 

a 

o 

8-« 

o  o 

o 

in 

o  m 

moo 

in 

ON   O    O 

© 

# 

in 

in 

/, 

t~ 

»-»   iH 

\X> 

Q 

T-» 

© 

to  * 

* 

f»- 

•     •     • 

• 

# 

© 

o 

-a 

«S 

-sO 

O 

o 

to  ro 

IO 

i) 

r-i  CM  CM 

»-t 

* 

© 

o 

E 

o 

-H 

in 

in 

CO  fO 

to 

o 

* 

in 

m 

^3 

>-t 

r- 

to  d- 

3f 

r*» 

# 

> 

-1 

^ 

to  to  to 

v£ 

# 

0. 

H 

to  to  to 

r-t 

* 

OJ 

»-• 

♦ 

"S 

H- 

# 

c 

-1 

# 

- 

3 

* 

c 

£ 

* 

o  o 

o 

o 

o 

© 

©  o  o 

O 

© 

4-  O  o 

vX) 

» 

© 

© 

# 

o  o 

O 

XJ 

o 

m 

in  o 

© 

^ 

ON    ©    O 

O 

* 

m 

in 

* 

in  in 

o 

cv 

«n  cm 

N  ©  o 

f>> 

0>  o  o 

o 

* 

CM 

CM 

13  ^i 
E  13 

.S    § 

* 

CO 

in 

m 

*-*  r- 

h- 

to 

•     •     • 

• 

* 

in 

in 

♦ 

in 

CM 

CM 

ON    r* 

»-« 

co 

.m  eg  cm 

•H 

« 

CM 

CM 

* 

a* 

»»1 

H 

h-  ON 

Or. 

o 

* 

r-i 

»-l 

* 

o 

r-t  fH 

rH 

t-i 

* 

fc     bfi 

# 

CM 

*•  * 

J" 

€%i 

* 

a3  .2 

# 

# 

E  -a 

* 

♦ 

c    ^ 

# 

# 

>•.   E 

# 

» 

«  x; 

# 

# 

ft 

# 

•-2  "o 

# 

o  o 

o 

O 

© 

o 

O   O 

o 

o 

o 

CM  fH   «H 

O 

* 

o 

© 

CC      c 

# 

o  o 

o 

in 

o  m 

in  o 

o 

in 

f-   O   O 

K) 

* 

in  in 

£  w 

* 

c-»  1-t 

>D 

G> 

l-» 

© 

to  * 

4" 

r»» 

0»     O    O 

O 

* 

© 

© 

# 

<p4 

sn 

in 

CO  to 

to 

\0 

•     •     • 

• 

♦ 

an 

in 

e 

# 

N 

to  d" 

* 

h- 

r-t   CM    CM 

t-l 

* 

o 

♦ 

rH 

to  to 

to 

rH 

# 

E 

# 

* 

_C 

* 

* 

« 

» 

— 

* 

* 

a, 
a. 

* 

# 

0 

* 

♦ 

u 

# 

* 

# 

II  II 

2 

cc 

CC 

UJ 

uJ 

<    <    < 
\  \   V. 

♦> 

U 

-J 

4J 

2  cc 

2 

o 

K 

C 
CC 

U 

< 

Uj  Ll   tfl 

I 

CD 

< 

o 

h- 

cc 

UJ 

o 

J 

• 

< 

M 

3 

o 

Q 

GO 

flL 

• 

•-• 

1 

►- 

t- 

£3  CC 

• 

DC 

O 

*-* 

O 

0 

z 

\-~ 

^ 

Z 

3 

►- 

Uu         • 

CC 

-J 

►") 

OO 

W 

o 

Q 

60 

U  _l 

o 

o 

cc 

x 

t-4 

UJ 

CD 

<  o 

• 

a 

• 

»-i 

UJ 

i- 

t-> 

QC 

3 

JUJ 

i 

Q 

t- 

a. 

o 

< 

W 

a.   i 

o 

u 

2 

< 

a. 

t-4 

-u 

«SI 

2 

u  u 

2 

< 

QC 

3 

3 

»-» 

S 

2  * 

2  2 

1 

O 

CD 

Q 

ac 

3 

o 

o 

•-•  o 

z 

2 

2 

o 

_S 

»-• 

a 

» 

2 

•-• 

X 

< 

t- 

o 

K 

CD 

»    » 

» 

e 

»-t 

*-• 

CD 

u 

u 

< 

UJ  ui 

UJ 

> 

X 

CO 

CC 

1 

< 

_J 

>- 

00  00 

tn 

2 

>~ 

t- 

t- 

M 

u. 

Id 

Q 

3 

5: 

CD 

CC  CC 

UJ  UJ 

CC 
UJ 

M 

•-* 
3 

2 
UJ 

4 

UJ 

•  >- 

>-4 

3 

zr 

>  > 

> 

_J 

s: 

CO 

^: 

c/) 

oo 

z  zr 

^ 

< 

UJ 

UJ 

-j 

w 

u 

M 

•-•  ►-* 

tH 

2 

<S) 

j 

_i 

2 

u 

h> 

<  1- 

O 

CC 

UJ 

3 

t-< 

-J 

X 

3 

-j  -i 

-J 

CD 

UJ 

U. 

X 

o 

UJ 

5» 

-I 

-i  _j 

-J 

«a 

■> 

u. 

t- 

X 

►H 

:>  o 

3  3  3 

M 

2 

o 

u. 

»~l 

o 

CC 

a.  go 

U.  U. 

u. 

o 

M 

o 

3 

• 

• 

• 

• 

•     • 

• 

• 

• 

o 

< 

■a  o  o 

UJ  41. 

o 

X 

t-« 

2 

432 


Robert  H.  Hanson 


♦ 

o 

o 

o 

mom 

moo 

O 

LO 

* 

o  in 

uO 

(\IO(\l 

CJ  o  o 

o 

r»» 

# 

O  f"» 

<M 

•H    O    r-l 

\Q   O  IT) 

o 

tO 

* 

T-* 

ON 

ON    ^    0> 

CM  tO  00 

CM 

r-» 

* 

0> 

sO          nO 

vfl   vfl  CP> 

N"> 

to 

* 

0» 

^-          * 

O  O  \0 

o 

m 

* 

o 

moNH 

m 

«-» 

» 

3- 

OCM  to 

vO 

eo 

# 

«-• 

tO  fO  tO 

H 

r\i 

* 

:*   3"  CM 

0)  ro  m 


CM   CM  CM  -»         t-» 


* 

o  o 

O 

mom 

moo 

o 

m 

* 

o  m 

IT 

r>-  o 

r»- 

h-  o  o 

O 

CV 

# 

o  * 

«-• 

<r>  o  on 

met 

ON 

ro 

# 

iH 

cr> 

CO    «H 

CO 

r-  cm  to 

v£ 

<-t 

* 

on 

:T 

3- 

lOMfl 

rO 

m 

♦ 

o 

K) 

tO 

o  m  ;*■ 

h» 

eo 

* 

»-i 

o  00  vO 

ON 

r-t 

* 

f^- 

HS    O 

fTj 

O- 

» 

CM  CM  *> 

«H 

«=t 

# 

» 

# 

CO 

^ 

o  o 

o 

o  o 

o 

o  o  o 

o 

o 

O 

O    3" 

CC 

CM   o 

OJ 

:±   sC  <C 

* 

$■ 

i-i 

o  * 

3- 

*  o 

* 

r>  to  sfl 

t-s 

in 

H- 

«H 

:f 

tO  w\ 

K> 

CM  *-S  ?» 

«4 

N 

< 

CM 

J* 

* 

CM  00   O 

* 

o 

O 

^0 

K) 

to 

O  rf-  ON 

'.  ''-J 

^ 

►-I 

00 

m>  m  *• 

CO 

s0 

-1 

vi) 

O  f»   O 

K) 

tO 

a 

CM  CM  tO 

.™j 

*-# 

*  CO  O 

i£ 

m 

If)    r»H 

^0 

on 

0>    ON    tO 

Qh> 

o> 

*    ON   GO 

^> 

* 

ao  vO  l> 

CO 

* 

O   r-l   »=« 

m 

* 

•    •    • 

■ 

♦ 

«H  «-t    iH 

# 

* 

* 

* 

«-»    ;f   O 

m 

* 

00   s0  \0 

co 

* 

*   ON   «-« 

ON 

* 

o  m 
o  <v 

in  w* 

o   ON 
O    v0 

m  * 


CM  fO 


CM  *   fO 

O    »H   ^ 
O  o  & 


3-      m 

O         ON 


O   «-t  cv 

m  o  cm 


o 

o  o  o 

O  O  O 

o 

o 

o 

mom 

moo 

« 

m 

r~ 

O   O   O 

»o  *  r*- 

CM 

K) 

m 

m  »h  m 

(O  ro  00 

CM 

ao 

r4 

ON          (Jn 

00  CM  CM 

-« 

tO 

r*- 

(Dint 

8»- 

*-i 

:T 

<r<  o  cm 

C*-    ON    *-♦ 

CM 

m 

ON 

00  xD  f>-  3"  O 

f-   ON    3"  O  00 

IOHO  f^  ON 

■      •      •  •  • 

o  on  m  o^  v* 

*-i    r-»   3" 


CM  J-  00 
Sf  ON  :*• 

K)  xfl  N 
•     •     • 

m  on  cm 

CM 


o 

mom 

moo 

O 

m 

r> 

mom 

tO  *  CM 

CM 

<r> 

%o 

ffS    O    ON 

00  CM  «H 

s£> 

fO 

tO 

ON    r-l   ON 

a-  O  h- 

O 

ON 

in 

O  CM  cv 

Off»rt 

m  on  cm 

vO 

m 

iT^ 

CM  CO  QD 

»+ 

CV 

CO   vi)  tO 

m  to  fO 

^ 

m 

m  »-i  cm 

CM  CO   «-i 

r> 

CO 

tO  CO  On 

•      •      • 

■ 

• 

•     •     • 

fO  3-  1- 

H 

»-• 

O    0>    «-« 

On  CO  o 

O 

m  on  to 

rH    CM 

H 

h- 

o  m 

O   1^ 

m  on 

o  c0 

o  a- 

3Q 

m  to 

JZ 

T3 

*i 

t3 

c 

r3 

_Z 

1 

a^ 

o  o 

/. 

O    CM 

■a 

m  *> 

c 

O  K) 

rz 

O   * 

^ 

m  to 

— 

i. 

-a 

_ 

0 

o  m 
m  o 

£  a 

.2    § 

o  m 

o   ON 

u    be 

m 

«  .2 

E  ^ 

cc   -o 

u      3 

O  t; 

CS      CJ 

*  .5 

c 

o  m 

o  m 

5 

m  on 

w 

O    ON 

5 

o 

LO 

cd 

- 

Cv 

a. 

c 

w 

C 

E 

II  II 

2  CC 


21 

CC 

UJ 

UJ 

o 

UJ 

a 

o 

^      l-t 

O  CC 

CC 

c7 

o        >- 

CC 

UJ 

o 

-1 

•-•         Z) 

o 

o 

03 

a 

1-       t~ 

co  a: 

o        »-• 

o 

■ 

z: 

2 

Zl         i- 

UJ 

• 

CC 

-J 

»-( 

O 

O         CO 

o 

_) 

o 

»-• 

UJ           CC 

<3 

c 

• 

u 

• 

h- 

or       z> 

-J 

O  _J 

1 

o 

<i 

CO 

0. 

1 

o 

UJ 

z: 

^4 

2 

UJ  CJ 

2 

<t 

•-■ 

£  2  *r 

2 

2 

I 

o 

03 

CC 

3   O  O 

>— • 

o 

^ 

o 

JH< 

» 

2 

t- 

O   I-  CD 

• 

» 

• 

• 

»-i 

u 

o  < 

UJ 

UJ 

UJ 

^> 

X 

<r 

_l  >- 

CO 

CO 

CO 

2 

H- 

Ul 

UJ   3  CD 

cc 

CC 

CC 

►-1 

»-H 

a  s: 

UJ 

u 

uJ 

"3 

>- 

•-I  3  2 

> 

> 

> 

-1 

x 

co  o  o 

^~ 

zz 

2 

< 

u 

00 

O  «-i 

>-i 

t-» 

»— « 

Z" 

CO 

bJ 

i-  <r  k 

o 

cc 

-J 

X         D 

-J 

-1 

_J 

o 

UJ 

o 

o  >  _» 

-J 

_J 

_) 

<t 

>• 

X 

•-•  >  o 

3 

3 

Z) 

M 

-^ 

u 

cc  o_  co 

U 

u. 

u. 

Q 

1-1 

• 

•     •     • 

• 

• 

• 

• 

• 

a 

moo 

LJ 

u.  o 

X 

►-• 

<J  <t  <. 
\  \  \ 

UJ  u.  o 


>v   N»  \ 

uJ  U.   CO 


X  < 

i-*  CD 

CC  • 

t—  »-• 

<I  TL 

*z  u 

CO 

-I 

_l  2T 

Z)  •-• 

U.  X 

I- 

U.  ft 

O  3 


A  Posteriori  Error  Propagation  433 

as  shown.  What  is  of  interest  is  that  the  three  full-matrix  inverse  methods  are  all 
about  the  same  efficiency,  with  the  in-place  method  being  only  slightly  better  than 
the  others  for  smaller  matrices.  One  can  safely  say  that  for  full  matrices,  it  takes 
about  twice  as  many  multiplications  for  inversion  as  it  does  for  Cholesky 
factorization,  using  any  of  the  three  methods.  For  computing  just  the  diagonal 
elements,  however,  it  takes  only  about  half  as  many  multiplications,  or  about  the 
same  number  as  the  Cholesky  factorization. 

When  the  matrix  is  less  than  full,  and  especially  for  very  sparse  matrices,  the 
results  are  surprisingly  different.  Figure  5  shows  multiplications  for  banded 
matrices  of  order  1,000  and  semibandwidths  of  10,  100,  440,  450,  and  750.  Here,  if 
we  again  look  at  the  ratios  of  E,  F,  G,  and  H  to  A,  we  see  a  decidedly  different 
picture  from  that  with  full  matrices.  When  the  semibandwidth  is  10,  or  1  percent 
of  the  matrix  order,  it  takes  from  93  to  3,207  times  as  many  multiplications  to 
compute  a  full  matrix  inverse  (inside  and  outside  the  band)  as  it  does  to  compute  a 
factorization  within  the  band.  To  compute  just  the  inverse  diagonal  elements  by 
one-column  bordering  takes  102  times  as  many  multiplications,  whereas  computing 
all  inverse  elements  by  the  in-place  technique  takes  only  93.  Item  /,  the 
computation  of  all  inverse  elements  within  the  band  by  the  in-place  technique,  is 
of  special  interest.  The  ratio  of/  to  A,  for  a  semibandwidth  of  10,  is  1.852. 

To  emphasize  the  differences  in  efficiency  between  the  in-place  method  and 
all  others,  the  ratios  of  E,  F,  G,  and  H  to  I  are  also  shown.  The  number  which 
stands  out  is  that  it  takes  55  times  as  many  multiplications  to  compute  only 
diagonal  inverse  elements  as  it  does  to  compute  all  elements  within  the  band.  As 
the  bandwidth  increases,  the  differences  in  ratios  become  less  severe. 

The  ratio  of  H  to  /,  i.e.,  diagonals  only  to  all  elements  within  the  band, 
deserves  a  closer  look.  Figure  6  is  a  graph  of  this  ratio  with  a  linear  abscissa  and 
a  logarithmic  ordinate.  For  a  matrix  of  order  1,000  and  a  semibandwidth  of  2  (not 
shown  on  graph),  the  ratio  is  375.  For  a  full  matrix  (semibandwidth  of  1,000),  the 
ratio  is  one  half.  Between  440  and  450,  it  takes  the  same  number  of  multiplications 
to  compute  diagonal  elements  only  by  one-column  bordering  as  to  compute  all 
elements  within  the  band  by  the  in-place  technique. 

My  colleague,  Allen  Pope,  computed  a  series  of  examples,  varying  both  matrix 
order  and  bandwidth,  to  determine  at  what  ratios  of  semibandwidth  to  matrix  order 
the  two  methods  were  equally  costly.  For  small  matrices,  up  to,  say,  order  300,  the 
ratio  drops  rapidly  from  0.750  to  0.447.  Beyond  order  300,  the  ratio  remains 
between  0.44  and  0.45  and  approaches  0.4417  as  the  order  approaches  infinity.  For 
matrices  of  moderate  to  large  size,  it  can  be  concluded  that  any  time  the 
semibandwidth  is  less  than  44  percent  of  the  matrix  order,  it  is  cheaper  to  compute 
all  inverse  elements  within  the  band  than  to  compute  just  the  diagonal  inverse 
elements  by  one-column  bordering. 

The  conclusions  drawn  from  sparse,  banded  matrices  apply,  in  principle, 
equally  well  to  sparse  matrices  stored  in  column-profile  structures  such  as  those 
employed  in  the  NAD  readjustment.  Figure  7  shows  a  typical  normal  equation 
matrix  structure  of  208  stations  (416  unknowns).  Figure  8  shows  selected  data  for 
this  column-profile  structure  and  for  an  equivalent  banded  matrix  having  nearly 
the  same  number  of  elements.  As  can  be  seen,  the  ratios  are  roughly  comparable. 


434 


Robert  H.  Hanson 


RATIO 

•  54.944(10) 


20.679(25) 


1.0 
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FIGURE  6.  —  Relative  computing  efficiencies. 
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FIGURE  7. — Typical  normal  equation  matrix  structure  of  208  stations  (416  unlyiowns). 
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ORDER  OF  MATRIX 

SEMI-BANDWIDTH  (INCL.  DIAGONAL) 
NO.  OF  ELEMENTS... 

A.  IN  FULL  UPPER  TRIANGLE 

B.  WITHIN  PROFILE  (BAND) 

RATIO...   B/A 

NO.  OF  MULTIPLICATIONS... 

C.  CHOLESKY  FACTORIZATION 

D.  INVERSE.  WITHIN  PROFILE  (BAND) 

E.  INVERSE.  DIAGONALS  ONLY 

RATIOS...  D/C 
E/C 
E/D 

h  IGURE  8. — Element  and  arithmetic  operation  counts  for  sparse  normal  equation  matrices 
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1.94 

11.39 

12.35 

5.85 

6.37 

Matrix  Inversion  by  Partitioning 

Because  the  techniques  are  not  widely  known,  a  few  words  about  sparse 
matrix  inversion  by  partitioning  seem  appropriate.  At  the  top  of  figure  9  are  the 
matrix  equations  that  apply  to  inversion  by  partitioning.  In  this  instance,  the 
subscripts  refer  to  block  partitions,  rather  than  the  usual  row  and  column  indices. 
If  the  given  symmetric  matrix  A  is  partitioned  into  two  square  diagonal  blocks 
denoted  An  and  A  22,  and  two  off-diagonal  rectangular  blocks  denoted  A  12  and 
A  i2,  its  correspondingly  partitioned  inverse  matrix  B  can  be  computed  a  block  at  a 
time  by  the  equations  shown.  The  diagonal  blocks  may  be  single  elements  or 
larger. 

The  lower  half  of  figure  9  shows  the  contents  of  matrices  following  elimination 
of  the  first  row  by  Gaussian  techniques  (on  the  left)  and  by  Cholesky  factorization 
(on  the  right).  On  the  Gaussian  elimination  side,  we  have  elected  to  store  the 
reciprocal  of  the  diagonal  term  for  later  computational  convenience.  Likewise,  on 
the  Cholesky  side,  we  store  the  reciprocal  of  the  square  root  of  the  diagonal  term. 
The  n-\  submatrix  partitions  on  the  lower  right  are  numerically  equal  in  both 
cases,  even  though  they  were  computed  differently.  The  reduction  process  in  both 
cases  usually  continues  a  row  at  a  time  until  the  A22  partition  becomes  the  last 
diagonal  element  in  the  matrix;  whereupon  we  take  and  store  its  reciprocal  or  the 
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FIGURE  9. — Matrix  inversion  by  partitioning. 


438  Robert  H.  Hanson 

square  root  of  its  reciprocal.  At  this  stage,  the  last  diagonal  in  the  Gaussian  case  is 
the  last  diagonal  of  the  inverse.  In  the  Cholesky  case,  it  is  the  square  root  of  the 
last  diagonal  of  the  inverse.  Note  the  similarities  between  the  results  of  Gaussian 
elimination  and  the  expressions  for  inversion  by  partitioning.  By  using  the 
equations  shown,  we  can  compute  the  inverse  a  row  at  a  time,  from  last  to  first,  by. 
successively  increasing  the  lower  right  hand  partition  (#22)  from  1  by  1  to  2  by  2 
.  .  .  ton  by  71,  each  time  computing  the  Bu  and  Bx2  blocks  from  the  B22  partition 
and  the  stored  results  of  the  Gaussian  eliminations.  An  examination  of  the 
Cholesky  side  reveals  that  the  slightly  modified  Cholesky  factor  can  be  converted 
and  made  to  look  like  the  Gaussian  elimination  results  simply  by  multiplying  each 
row  by  its  diagonal.  Having  done  this,  then  inversion  by  partitioning,  or  more 
precisely,  recursive  partitioning  can  be  applied  to  the  Cholesky  reductions  as  well. 


Avoiding  Zero  Products 

For  full  matrices,  the  recursive  partitioning  method  can  be  applied  in  a 
straightforward  fashion.  For  sparse  matrices,  banded  or  otherwise,  a  great  deal  of 
time  and  effort  can  be  saved  by  taking  advantage  of  the  zero-nonzero  structure.  As 
a  minimum,  we  would  usually  like  to  have  the  diagonal  inverse  elements.  Next  in 
preference  would  be  inverse  elements  corresponding  to  the  ties  between  unknowns 
which  were  created  either  by  the  observations  or  by  the  elimination  process. 
Except  for  specific  cases,  we  usually  do  not  care  about  elements  in  the  normal 
equations  which  were  originally  zero  and  which  remained  zero  during  the  reduction 
process.  Recursive  partitioning  provides  the  means  for  obtaining  inverse  elements 
corresponding  to  just  those  elements  which  were  nonzero  after  the  reduction 
process.  All  others  can  be  ignored,  as  illustrated  in  figure  10. 

The  top  of  figure  10  shows  a  partitioned  matrix  (on  the  left  side)  which  is 
represented  by  a  triangular  array  (on  the  right  side).  The  crosses  represent 
nonzeros  and  the  circles  denote  zeros.  It  is  assumed  that  inverse  terms  have 
already  been  computed  in  the  4  by  4  triangular  partition  B22.  Because  of  symmetry, 
only  the  triangular  part  of  B22  is  needed.  The  diagonal  inverse  element  Bn  and  the 
four-element  row  B12  are  to  be  computed.  In  computing  Bl2,  note  that  because  of 
the  zeros  in  the  row  vector,  elements  in  the  second  and  the  fourth  rows  of  B22  do 
not  contribute  to  the  computation  of  Bl2.  All  four  elements  of  Bl2  are  nonzero, 
signifying  their  inverse  terms  do  exist.  In  computing  Blu  the  just  computed  row 
Bl2  is  multiplied  by  the  transpose  of  the  row  containing  the  zeros.  The  result  is 
that  the  second  and  fourth  elements  of  Bv2,  those  corresponding  to  elements  which 
remained  zero  during  the  reduction,  do  not  contribute  to  the  inverse  diagonal  term 
Bn.  Because  they  are  not  needed  for  the  diagonal  term,  the  inverse  elements 
corresponding  to  zeros  in  the  reduced  normals  can  be  ignored  and  only  the  six 
elements  shown  by  shading  in  the  bottom  of  figure  10  are  needed  for  computing 
Bu.  This  ability  to  ignore  inverse  terms  associated  with  zeros  in  the  reduced 
normals  is  ideally  suited  to  the  sparse  matrices  associated  with  geodetic  adjust- 
ments. As  an  example,  in  the  simplified  column  profile  structure  depicted  in  figure 
11,  only  the  solid  color  inverse  terms  are  needed  to  compute  the  shaded  inverse 
terms. 
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FIGURE  10. — Matrix  inversion  by  partitioning  and  the  avoidance  of  zero  products. 
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FIGURE  11. — Matrix  inversion  by  partitioning  within  the  column  profile  structure. 

Matrix  Inversion  Using  Peripheral  Storage 

If  the  entire  matrix  column  profile  is  in  core  at  one  time,  then  the  row-by-row 
processing  of  the  inverse  presents  no  problems.  With  the  NAD  Helmert  blocking 
system,  however,  the  blocks  are  quite  large.  Consequently,  the  column-profile 
structure  is  broken  up  into  a  number  of  records,  stored  externally  on  random 
access  disk,  and  brought  into  core  as  needed,  two  records  at  a  time.  As  shown 
symbolically  in  figure  11,  this  means  that  a  row  of  the  matrix  can  span  several 
records  and  may  not  be  all  in  core  at  any  one  time.  As  a  result,  the  computation  of 
each  row  of  the  inverse  requires  several  transports  of  data  to  and  from  disk.  In 
addition,  three  scratch  arrays  are  needed.  One  is  for  the  reduced  Cholesky  factor 
row  being  converted  to  a  Gaussian  factor  row,  the  second  is  for  the  accumulation 
of  the  inverse  term  products,  and  the  third  is  for  the  column  numbers  associated 
with  the  row  elements. 
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The  procedure  is  for  records  containing  the  row  elements  to  be  read  into  core 
from  left  to  right  as  the  products  are  being  accumulated.  The  records  are  then 
reread  and  rewritten  from  right  to  left  to  replace  the  reduced  matrix  elements  by 
their  corresponding  inverse  terms.  In  figure  11  the  shaded  row  spans  four  records, 
and  would  require  six  "reads"  and  four  "writes"  to  compute  its  inverse  terms. 
This  is  the  procedure  used  in  a  subroutine  named  HERESI.  It  minimizes  core 
requirements,  but  is  not  very  efficient  in  its  use  of  peripheral  storage. 

To  overcome  this  deficiency,  an  inverse  routine  named  HEIR  was  written. 
This  routine  computes  the  inverse  within  the  profile  by  columns,  instead  of  rows, 
and  stores  the  inverse  in  a  separate  disk  file,  leaving  the  Cholesky-reduced  normal 
equation  file  undisturbed.  It  also  requires  that  three  records,  instead  of  two,  be  in 
core  at  any  time,  but  does  away  with  the  need  for  the  three  scratch  arrays  used  by 
HERESI.  This  tradeoff  of  increased  storage  to  reduce  the  number  of  transports 
increases  the  efficiency  of  disk  usage  greatly.  For  a  full  matrix  stored  in  K  records 
(the  worst  possible  case),  the  Cholesky  reduction  of  the  coefficient  matrix  requires 
K  (K  +  l)/2  reads  and  K  writes.  The  inverse,  using  HEIR,  requires  K  (K  +  l)/2  + 
K2  reads  and  K  writes.  Because  the  reduction  requires  only  two  records  in  core  at 
a  time,  and  the  inversion  with  HEIR  requires  three,  there  could  be  insufficient 
core  to  handle  the  inverse.  For  this  purpose,  a  routine  called  REBLOC  was  also 
written  to  read  a  disk  file  and  create  a  new  disk  file  containing  smaller  records. 

The  methods  described  will  allow  us  to  compute  inverse  terms  for  all  elements 
stored  in  the  column-profile  structure,  at  all  levels  of  the  NAD  Helmert  blocking 
scheme.  These,  in  turn,  are  all  that  is  necessary  to  extend  the  process  and 
compute  inverse  terms  for  any  and  all  initially  eliminated  unknowns  and  observa- 
tions, if  desired.  To  provide  a  full  range  of  error  propagation  capabilities,  however, 
we  also  need  an  ability  to  propagate  error  into  functions  of  unknowns,  whether  or 
not  those  unknowns  have  nonzero  connections  in  the  reduced  normal  equations. 
Error  propagation  by  bordering  the  normals  provides  the  solution. 


Error  Propagation  by  Bordering 

Equation  3  in  figure  12  is  the  matrix  equation  for  propagating  error  into 
functions  of  unknowns.  In  this  instance,  two  groups  of  unknowns,  Xl  and  X2,  are 
functionally  related.  The  principles  are  general,  but  for  our  purposes  we  can 
assume  that  X1  and  X2  are  pairs  of  coordinates  of  two  triangulation  stations  and 
that  we  desire  to  determine  the  variances  and  covariance  of  azimuth  and  distance 
functions  connecting  the  two.  The  top  of  figure  13  shows  the  procedure  to  use  if  all 
pertinent  normal  equation  inverse  terms  are  available.  We  simply  extract  the 
necessary  2  by  2  inverse  submatrices  denoted  by  N  and  perform  the  matrix 
multiplications  shown.  The  case  where  X  l  and^2  are  not  connected  in  the  reduced 
normals  is  shown  in  the  bottom  half  of  figure  13.  The  submatrix  shown  by  a 
dashed  line  is  the  missing  item.  For  this  situation,  it  is  simply  necessary  to  border 
the  reduced  normal  equations  (not  the  inverse)  by  a  matrix  containing  the  partial 
derivative  submatrices  C[andCJ  in  appropriate  locations,  with  zeros  elsewhere.  A 
reduction  of  this  border  matrix,  using  only  the  shaded  reduced  normal  equation 
submatrices,  followed  by  a  column  product  accumulation  in  the  triangular 
submatrix  below  the  bordered  matrix  after  scaling  by  the  unit  variance  and  a  sign 
change,  will  produce  the  desired  covariance  matrix  for  the  function. 
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FIGURE  12.  —  Matrix  equation  for  propagating  error  into  functions  of  unknowns. 

This  procedure  applies  if  all  groups  of  unknowns  are  in  the  same  set  of  normal 
equations.  With  the  NAD  Helmert  blocking  system,  this  is  not  generally  the  case. 
Figure  14  illustrates  the  procedure  to  be  used  with  Helmert  blocking.  It  is  o*nly 
necessary  to  find  the  partially  reduced  normals  for  the  Helmert  blocks  in  which 
each  group  of  unknowns  is  eliminated  and  to  border  these  normals  with  the 
appropriate  CT  submatrices.  Just  as  with  the  absolute  column  reductions  performed 
during  the  solution  phase,  the  border  matrices  are  partially  reduced  and  the  results 
passed  on  to  succeedingly  higher  blocking  levels  until  the  desired  covariance 
matrix  is  obtained  at  the  last  level. 

Summary 

To  summarize,  the  technique  of  in-place  recursive  partitioning  and  the 
avoidance  of  unnecessary  zero  products  will  allow  us  to  obtain  inverse  terms 
corresponding  to  all  elements  in  each  column  profile  structure  with  slightly  less 
than  twice  as  many  arithmetic  operations  as  required  for  a  single  iteration  of  the 
reduction  process.  Computing  the  inverse  terms  by  columns,  rather  than  by  rows, 
makes  possible  an  efficient  use  of  peripheral  storage.  And,  finally,  the  techniques 
and  software  developed  for  matrix  reduction  with  Helmert  blocking  can  also  be 
adapted  for  propagating  error  into  functions  of  any  unknowns. 
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FIGURE  13. — Error  propagation  procedures. 
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Figure  14. — Error  propagation  with  Helmert  blocking. 
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Meissl:  Two  questions:  How  many  elements  of  the  a  posteriori  covariance  matrix  will  you  compute,  and 
did  you  consider  approximation  methods  for  computing  the  inverse? 

Hanson:  I  have  not  considered  any  approximate  methods  and  concentrated  only  on  these  direct 
methods.  1  would  like  to  check  this  further.  Regarding  your  other  question,  we  intend  to  compute  the 
inverse  terms  for  all  elements  stored  in  the  column  profiles. 

Ashkenazi:  Does  your  system  allow  for  investigating  the  effect  of  added  observations? 

Hanson:  In  the  earliest  stage,  I  investigated  the  possibility  of  adding  new  observations  a  posteriori  by  a 
sequential  adjustment  process.  Because  of  the  sizes  of  the  matrices  and  the  type  of  adjustment  process, 
it  was  considered  too  complicated  and  expensive.  If  we  add  observations  a  posteriori,  we  will  probably 
redo  the  appropriate  initial  level  blocks  and  all  subsequent  higher  level  blocks  affected  by  them,  which 
amounts  to  redoing  a  part  of  the  adjustment.  Whether  we  actually  do  this  remains  uncertain  and  is 
dependent  upon  the  observations  and  circumstances.  Since  it  is  a  never  ending  process,  it  will  probably 
not  be  done  generally  for  all  new  observations.  If  we  elect  to  redo  any  blocks,  we  can  also  recompute 
the  affected  inverse  blocks. 
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Ashkenazi:  Do  you  propose  to  do  the  so-called  a  posteriori  error  analysis  only  alter  all  the  observations 
have  been  collected  and  introduced  into  the  system,  or  partly  as  the  data  are  being  entered  into  the 
system? 

Hanson:  Certainly  we  will  compute  residuals  for  all  observations.  An  examination  of  these  residuals 
have  been  discussed.  Probably  it  would  be  too  costly  to  generate  inverse  terms  and  a  posteriori 
variances  for  all  observations.  1  think  a  selected  sampling  will  be  done  and  an  analysis  made  to 
determine  if  we  are  in  the  right  "ball  park." 

Mitchell:  As  a  user,  will  the  final  error  analysis  allow  me  to  see  where  the  problem  points  went,  e.g., 
those  affected  by  movements  in  the  network? 

Hanson:  Certainly  we  will  compute  residuals  for  all  observations.  An  examination  of  these  residuals 
during  the  adjustment  and  afterwards  will  isolate  many  of  the  errors  you  mention.  After  the  adjustment, 
we  expect  to  have  the  variances  of  all  computed  station  coordinates  as  well. 

Bossier:  Let  me  speak  to  that  point  and  answer  one  of  Professor  Ashkenazi's  earlier  questions.  We  plan 
to  publish  the  standard  error  of  the  distance  between  a  control  point  that  the  data  sheet  is  prepared  for 
and  any  station  visible  from  the  ground  at  that  particular  point.  We  obviously  need  covariances  between 
several  terms  to  do  that.  This  will  be  standard  practice  but  at  considerable  cost.  Now,  if  one  wants  the 
standard  errors  of  azimuth  and  distance  between  San  Francisco  and  New  York,  we  can  also  compute 
these  by  finding  the  appropriate  covariances  in  the  appropriate  blocks,  as  indicated  by  Hanson.  This 
will  be  done  only  for  special  requests. 
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Abstract:  A  pilot  test  of  the  new  adjustment  system  for  the  North 
American  Datum  (NAD)  was  made  by  a  task  force  of  the  National  Ocean 
Survey's  National  Geodetic  Survey.  The  purpose  of  the  test  is  defined 
and  the  impact  of  the  test  results  on  the  new  adjustment  system  is 
discussed.  Strategies  and  procedures  which  were  used  to  accomplish 
specific  tasks  of  the  experiment  included  the  gathering  and  validating  of 
large  blocks  of  geodetic  observational  data,  simulating  the  entry  of  these 
data  into  the  NGS  data  base,  and  performing  a  Helmert  block  adjustment 
of  over  21,000  observations  referring  to  3,380  geodetic  positions. 


Introduction 

The  1983  New  Adjustment  of  the  North  American  horizontal  network  will 
involve  more  than  200,000  control  points  and  an  estimated  2.25  million  observa- 
tions. Centered  around  the  National  Geodetic  Survey  (NGS)  data  base,  preparations 
for  the  New  Adjustment  are  delineated  as  separate  yet  interrelated  groups  of  tasks 
that  will  be  performed  asynchronously. 

This  presentation  reports  on  the  rigorous  testing  of  the  fundamental  tasks  that 
comprise  the  new  adjustment  system — Block  Validation,  Data  Base  Entry,  and, 
finally,  the  Helmert  block  adjustment. 


PURPOSE 

Primarily,  the  test  served  to  assess  the  computer  software  of  the  new 
adjustment  system.  Since  it  is  difficult  to  artificially  construct  test  networks  which 
are  realistic  in  size  and  contain  "real-life"  data  problems,  a  valid  test  required  that 
a  large  block  of  real  geodetic  data  be  used.  In  addition,  the  test  served  to  develop 
data  handling  procedures,  such  as  strategies  for  gathering,  sorting,  validating,  and 
combining  large  blocks  of  data  while  maintaining  data  integrity.  These  are 
cornerstone  of  the  new  adjustment  process.  Finally,  the  pilot  test  provided 
essential  feedback  on  what  additional  work  and  testing  need  to  be  done  prior  to 
the  1983  new  adjustment. 
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ORGANIZATION  OF  THE  TASK  FORCE 

The  task  force  was  constructed  to  approximate  the  NGS  organizational 
structure,  differing  only  in  relative  size.  The  group  was  composed  of  four  members, 
including  a  group  leader.  The  group  leader  was  responsible  for  parcelling  tasks, 
coordinating  each  group  member's  activity,  and  supervising  overall  progress.  By 
anticipating  the  degrees  of  difficulty  of  each  task  and  the  varying  work  rates  of 
group  members,  the  group  leader  was  able  to  plan  work  strategies  to  effectively 
benefit  from  the  asynchronous  feature  of  the  new  adjustment  system. 

Selection  of  the  Test  Area 

The  test  area  selected  was  a  3°  by  5°  block  which  included  most  of  the  States 
of  Tennessee  and  Kentucky.  This  block  was  bounded  in  latitude  by  35°  and  38°, 
and  in  longitude  by  83°  and  88°.  The  criteria  used  in  the  selection  of  this  area  were 
that:  (a)  all  horizontal  projects  in  the  region  be  in  machine-readable  form;  (b) 
related  positional  and  publication  data  (used  in  validating  the  horizontal  data)  be  in 
machine-readable  form;  (c)  the  block  be  a  desirable  workload  (from  NGS 
experience  with  other  large  adjustments,  a  manageable  workload  was  estimated  as 
750  to  1,000  stations  per  task  force  member);  and  (d)  the  geodetic  network  in  the 
block  be  representative  of  the  national  network,  i.e.,  composed  of  transcontinental 
traverse  projects,  first-  and  second-order  arc  projects,  second-  and  third-order  area 
projects,  and  traverse  projects. 

No  consideration  was  given  to  individual  project  boundaries  or  to  minimizing 
the  number  of  junction  stations  in  the  test  area.  The  rectangular  area  chosen  was 
divided  into  four  IV20  by  2lli°  rectangular  blocks,  one  assigned  to  each  task  force 
member. 

Block  Validation  Rationale 

From  a  computer  specialist's  standpoint,  validation  is  the  process  of  ensuring 
the  integrity  of  information  as  it  passes  from  one  (computer)  medium  to  another. 
From  a  geodesist's  standpoint,  validation  ("ensuring  integrity"  of  a  computer-stored 
geodetic  network)  translates  into  attaining  the  following  two  goals:  (1)  that  the  data 
be  free  of  observation  blunders,  including  human  errors  introduced  in  automating 
horizontal  projects  from  handwritten  records  into  machine-readable  form;  and  (2) 
that  the  data  be  complete,  i.e.,  that  a  one-to-one  correspondence  exists  between 
all  handwritten  field  observation  records  and  the  automated  observations. 

These  are  the  goals  of  project-level  or  field  survey-level  validation  at  the  time 
the  individual  projects  are  automated.  The  national  network  is  composed  of  about 
5,000  of  these  individual  projects  which  require  data  verification.  Construction  of 
the  national  network  from  these  5,000  constituent  parts  for  the  new  adjustment, 
with  no  further  data  verification,  is  impractical.  It  is  impractical  because  it  ignores 
interproject  problems  that  emerge  when  individual  projects  are  combined.  There- 
fore, between  the  validation  of  individual  projects  and  the  actual  new  adjustment, 
a  higher  level  validation,  aimed  primarily  at  interproject  problems,  must  be 
performed. 

In  particular,  higher  level  validation  (a)  detects  errors  in  observations  which 
only  become  apparent  when  points  are  observed  in  more  than  one  project,  (b)  spots 
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voids  in  the  network  left  by  data  omissions — missing  stations  or  observations,  and 
(c)  resolves  interproject  inconsistencies  to  ensure  a  good  "fit,"  i.e.,  network 
connectivity  and  adjustability. 

The  interproject  validation  objectives  require  that  individual  projects  be 
combined  to  form  a  set  of  "blocks"  which  cover  the  national  network.  For  this 
reason,  higher  level  validation  is  referred  to  as  "Block  Validation."  The  significance 
of  Block  Validation  cannot  be  overemphasized,  because  the  success  of  the  new 
adjustment  (in  a  monetary  as  well  as  a  numerical  sense)  largely  depends  on  the 
work  done  during  Block  Validation.  For  example,  a  numerical  singularity  at  one  of 
the  "higher  levels"  of  the  Helmert  block  adjustment,  which  would  cause  the 
adjustment  to  fail,  is  extremely  expensive  to  rectify.  At  the  adjustment  stage,  the 
source  of  an  error  is  difficult  to  trace,  and  depending  on  how  high  up  the  blocking 
"tree"  a  singularity  occurs,  hundreds  of  computer  reruns  could  be  necessary  to 
correct  one  error.  Block  Validation,  coupled  with  the  safeguards  provided  by  Data 
Base  Entry  (described  later)  will  eliminate  such  disasters. 

The  application  of  these  principals  of  Block  Validation  on  the  Tennessee/ 
Kentucky  test  area  is  described  in  the  next  section. 

Block  Validation 

The  task  force  identified  and  gathered  the  85  horizontal  survey  control  projects 
that  had  at  least  1  point  in  the  test  area.  Next,  each  group  member  identified  those 
individual  projects  relevant  to  his  particular  IV20  by  2V20  block.  This  identification 
process  was  done  automatically,  by  a  package  of  NGS  computer  programs 
developed  for  this  purpose. 

Prior  to  actual  block  formation,  each  task  force  member  carefully  scrutinized 
the  projects  in  his  block  assignment.  This  examination  ensured  project-level 
integrity.  Each  horizontal  project  was  run  through  an  error  detection  program  to 
ensure  that  the  data  were  error-free  and  complied  with  current  NGS  guidelines 
and  standards.  Then  all  horizontal  stations  in  each  block  assignment  were  matched 
by  a  computer  program  to  publication  data  in  the  NGS  data  base. 

Notice  this  was  a  revalidation  process — checking  the  validity  of  the  project 
automation.  If  the  two  goals  of  project  automation — data  accuracy  and  complete- 
ness— have  been  met  in  each  project,  this  phase  of  Block  Validation  will  find  no 
errors.  In  practice,  however,  this  did  not  happen  in  the  test.  The  analysis  of  errors 
found  in  the  test  data  pinpointed  two  reasons  why  project-level  revalidation  is,  and 
will  remain,  a  necessary  step  in  Block  Validation. 

First,  some  projects  were  automated  using  different  NGS  guidelines  than 
others.  The  NGS  guidelines  under  which  the  projects  were  automated  were  written 
in  November  1975  and  have  been  revised  five  times.  (In  fact,  90%  of  the  projects 
in  the  test  area  were  automated  before  the  1975  guidelines  were  written.)  The 
knowledge  that  these  "older"  projects  will  be  brought  up  to  date  during  project 
revalidation  has  removed  the  fear  that  a  specific  guideline  change  will  irrevocably 
invalidate  "x"  number  of  projects,  and  has  allowed  NGS  to  take  a  progressive 
flexible  attitude  toward  revising  and  improving  the  guidelines. 

Second,  project-level  point  completeness  cannot  be  guaranteed  unless  all 
other  projects  in  the  region  are  present  for  comparison.  For  example,  in  the  test 
area  projects,  published  landmarks  were  sometimes  misidentified  in  the  field 
survey  records  and  the  true  identity  of  these  points  only  became  apparent  when 


450  Edward  L.  Timmerman 

compared  to  observations  over  the  same  lines  in  a  project,  or  projects,  in  the  same 
geographical  region.  Similarly,  old  reference  marks  were  sometimes  used  as 
primary  control  points  in  later  projects  (usually  to  replace  a  destroyed  point  in  the 
old  network),  and  unless  such  cases  were  caught  in  the  validation  "traps," 
significant  network  weaknesses  would  appear.  These  two  cases  of  project-level 
point  incompleteness  were  invisible  to  the  person  automating  the  field  project, 
since  the  entire  history  of  the  points  in  that  project  was  not  present.  The  errors 
found  by  the  task  force,  at  that  time,  underscored  the  need  for  careful  project- 
level  review  prior  to  block  formation. 

The  error  rate  for  the  test  area  projects  was  5.8  percent  (2,940  errors  in  51,062 
total  records).  By  classifying  these  errors  into  two  types,  the  task  force  noted  the 
following: 

(1)  Only  32.2  percent  of  all  errors  were  "hard"  errors — those  that  would  have 
had  a  numerical  effect  on  the  adjustment.  Examples  of  "hard"  errors  were  missing 
observations  and  incorrectly  assigned  a  priori  standard  errors. 

(2)  A  total  of  77.2  percent  of  all  errors  was  directly  attributed  to  simple  failures 
in  guideline  compliance .  As  mentioned,  9  out  of  10  projects  in  the  test  area  were 
automated  before  the  inception  of  written  guidelines.  Thus,  while  the  test  area  was 
typical  of  the  national  network,  the  automated  projects  in  the  area  were  not  typical 
of  NGS  production  work,  since  no  guidelines  (and  no  error  checking  software) 
existed  when  most  of  the  projects  were  automated. 

The  error  analysis  provided  the  task  force  with  meaningful  feedback  for  those 
NGS  components  involved  in  automating  data.  The  analysis  provided  more  realistic 
staff-hour  estimates  for  this  phase  of  the  new  adjustment  system.  These  estimates 
are  essential  for  future  NGS  resource  and  personnel  allocations. 

The  group  members  applied  corrections  directly  to  the  individual  projects  and 
repeated  the  entire  project-level  revalidation  step  to  ensure  the  corrections  were 
accurate  and  no  errors  were  missed.  The  task  force  then  combined  the  data  into 
four  Data  Entry  Modules  (DEM),  one  for  each  IV20  by  2V20  block.  A  DEM  is  a 
block  of  horizontal  data  that  has  the  following  attributes:  (a)  a  boundary  description, 
(b)  inclusion  of  only  those  observations  that  originate  from  points  inside  the 
boundary  description,  and  (c)  a  representation,  called  a  "cross-reference  label"  of 
observations  emanating  from  points  outside  the  boundary  description  but  "seeing 
into  the  area." 

Thus,  a  DEM  is  essentially  a  Helmert  block  and  the  distinction  seems  to  be  a 
matter  of  semantics.  However,  a  Helmert  block  is  an  organization  of  normal 
equations  as  part  of  an  adjustment  scheme,  while  a  DEM  is  a  packaging  of 
horizontal  data  for  the  purpose  of  validation  and  ultimate  entry  into  the  NGS  data 
base.  The  same  features  that  make  a  Helmert  block  attractive  mathematically  also 
make  a  DEM  attractive  from  a  data  management  standpoint  during  Block 
Validation.  The  partitioning  scheme  divides  the  network  so  that  an  observation 
belongs  to  only  one  block.  No  observation  is  left  out,  which  complements  the 
validation  process.  In  addition,  the  scheme  allows  group  members  to  work 
independently,  at  their  own  rate,  regardless  of  the  status  of  neighboring  blocks. 

Each  task  force  member  performed  three  specific  tasks  on  his  DEM.  (Each 
task  regarded  the  network  as  a  whole  to  see  how  projects  behave  in  combination.) 
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Task  1 — Description/Recovery  Note  Analysis 

When  a  control  point  is  established,  a  station  description  is  written  by  the 
field  party.  This  standard  form  shows  the  date  of  establishment,  describes  the 
location  of  the  point,  and  for  occupied  points,  gives  a  "box  score"  list  of  directions 
showing  other  objects  visible  from  the  ground.  Additional  pertinent  information 
regarding  reference  and  azimuth  marks  for  the  station  is  included.  Whenever  a 
station  is  used  in  a  later  project,  a  recovery  note  is  written  describing  the  current 
condition  of  the  station.  These  recovery  notes  are  extensions  of  the  station 
descriptions,  adding  historical  information  concerning  the  point. 

For  the  test,  station  listings  showing  the  preliminary  geographical  positions,  all 
list  of  directions,  astronomic  observations,  and  distance  measurements  were 
created  for  all  points  "inside"  the  four  DEMs.  These  listings  were  then  visually 
compared  with  the  descriptions  and  recovery  notes  for  each  point  in  the  four 
blocks.  This  comparison  ensured  that  the  observations  in  the  description/recovery 
note  "box  scores"  agreed  with  the  data  automated  in  the  individual  projects.  This 
station  information  is  published  and  made  available  to  local  surveying  organizations 
(State  highway  departments  and  land  surveyors)  who  depend  on  the  accuracy  of 
the  "box  score"  data  for  local  control  needs.  Ensuring  the  correctness  of  the  data 
will  allow  an  automatic  republication  of  the  station  information  directly  from  the 
data  base  after  the  1983  New  Adjustment. 

The  comparison  will  also  indicate  if  any  projects  are  missing.  For  example,  if 
a  point  was  established  in  1934  and  reobserved  in  a  1940,  1951,  and  1968  project, 
the  file  would  indicate  there  was  a  1934  station  description  and  three  recovery 
notes  (one  for  each  of  the  other  3  years).  Comparison  with  the  data  in  the  DEM 
ensured  that  the  station  was  present  in  these  projects.  Remember,  at  the  project- 
level  total  point  completeness  was  ensured  by  a  comparison  with  data  base 
publication  data.  Here,  the  occurrence  of  each  point  in  the  proper  project  is 
ensured. 

Task  2— Detecting  Duplicate  Observations 

Duplicate  observations — the  occurrence  of  the  same  field  observation  in  more 
than  one  individual  project — were  automatically  detected  by  computer  software. 
Each  member  then  determined  in  which  project  the  observation  truly  belonged  and 
eliminated  duplicates  from  the  other  projects.  This  guaranteed  that  every  observa- 
tion contributed  to  the  adjustment  with  its  proper  weight. 

Task  3 — The  Free  Block  Adjustment 

The  four  DEMs  were  converted  to  Restart  files,  a  file  format  designed  to  be 
input  into  an  adjustment  program,  i.e.,  the  link  in  transforming  the  DEM  structure 
(observations)  to  the  Helmert  block  structure  (normal  equations).  A  minimum 
constraint  adjustment  was  run  on  each  of  the  four  blocks.  The  adjustment  program 
used  was  designed  for  initial-level  Helmert  blocks.  It  automatically  handled 
singularities  in  the  junction  points.  The  primary  objectives  of  these  adjustments 
were:  (a)  to  observe  how  the  projects  behaved  when  combined,  and  (b)  to  ensure 
connectivity  of  the  network. 

Objective  (a)  was  achieved  by  analysis  of  the  adjustment  results — large 
residuals  and  station  shifts.  Obtaining  objective  (b)  involved  resolving  tne  singular- 
ities in  the  Helmert  block  interior — either  numberical  singularities  (caused  by  data 
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omissions)  or  geometric  singularities  (caused  by  weak  geometry — poor  weighting  or 
missing  observations).  These  were  the  most  significant  errors  uncovered  by  Block 
Validation,  which  represented  the  highest  level  of  validation  prior  to  the  zeroth 
iteration  of  the  new  adjustment  itself.  Errors  that  were  found  were  traced  back  to 
the  individual  projects. 

The  three  specific  tasks  uncovered  a  variety  of  "deep"  errors — those  that 
would  significantly  affect  the  new  adjustment.  There  were  no  guidelines  for 
handling  these  errors.  They  were  resolved  on  a  case-by-case  exhaustive  analysis  of 
particular  network  weaknesses,  poor  "fits,"  and  unaccountable  interior  singulari- 
ties. In  this  phase  of  Block  Validation  the  task  force  relied  heavily  on  the 
experience  of  other  members  of  NGS  and  often  consulted  other  geodesists 
concerning  particular  network  anomalies.  This  illustrates  an  important  facet  of 
higher  level  validation:  Many  situations  that  arise  when  horizontal  projects  are 
combined  defy  classification.  It  is  impossible  to  describe  all  potential  problems 
that  make  up  the  so-called  "hidden  components"  which  often  radically  affect 
combined  adjustments.  Guidelines  in  this  area  that  read,  "If  ,4  happens,  do  B  and 
compare  to  C  ..."  must  be  replaced  by  strong,  knowledgeable,  and  flexible 
supervisor/employee  interaction  on  a  problem-by-problem  basis. 

Unlike  the  "deep"  errors  uncovered  by  the  adjustment  analysis,  the  descrip- 
tion/recovery note  analysis  found  more  trivial  classes  of  errors.  These  errors,  while 
unimportant  from  an  adjustment  point  of  view,  were  critical  to  the  envisioned 
automatic  republication  previously  discussed.  Errors  in  this  area  were  the  most 
frequent  (65.2  percent  of  all  errors  found  in  the  three  tasks)  and  typically  involved 
station  name  inconsistencies  between  the  individual  projects  and  descriptions 
concerning  nonpositionable  points  that  appear  on  the  description  "box  scores" 
(i.e.,  azimuth  marks). 

Once  again,  all  corrections  were  applied  directly  to  the  individual  projects  and 
the  entire  cycle — project-level  revalidation,  creation  of  the  DEMs  and  Restart  files, 
and  the  Initial-level  free  block  adjustment — was  repeated.  Throughout  Block 
Validation,  corrections  were  always  applied  to  the  source  projects  (never  the  DEMs) 
which  allowed  group  members  to  verify  (by  repeating  the  validation  procedures) 
that  the  modifications  they  made  were  in  compliance  with  the  guidelines.  In  this 
way,  data  modifications  and  corrections,  whenever  applied,  could  never  invalidate 
previous  work. 

Data  Base  Entry 

Data  Base  Entry  serves  to  ensure  that  each  DEM  to  be  loaded  connects 
consistently  (in  the  junction  areas)  with  previously  entered,  neighboring  modules. 
At  the  time  of  the  test,  there  were  no  horizontal  obseravtional  data  in  the  data 
base,  so  the  problem  was  reduced  to  ensuring  that  the  four  test  DEMs  consistently 
connected  to  one  another.  Two  ad  hoc  computer  programs  were  developed  to 
simulate  the  envisioned  entry  procedures.  This  software  found  six  incidents  of  data 
inconsistency,  all  caused  by  "one-way"  data  modifications  made  during  Block 
Validation,  i.e.,  rejecting  or  adding  observations  to  outside  junction  points  in  one 
block  without  parallel  corrections  being  applied  to  an  adjacent  block.  These 
problems  were  easy  to  trace  to  the  project  level  and  were  corrected. 

For  the  remainder  of  the  test  (the  Helmert  block  adjustment),  the  task  force 
assumed  that  the  blocks  validated  and  submitted  for  data  entry  and  the  blocks 
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retrieved  from  the  data  base  were  identical.  In  the  new  adjustment,  this  would 
not  necessarily  be  the  case,  since  the  blocking  scheme  for  Block  Validation  and 
the  adjustment  blocking  scheme  are  designed  with  different  criteria  in  mind. 

Summary  of  the  Block  Adjustment  Results 

The  test  area  was  adjusted  by  Helmert  blocking  in  two  levels.  The  adjustment 
process  used  software  developed  by  NGS  and  was  run  on  a  CDC  6600  computer. 
Convergence  was  reached  in  two  iterations  by  using  the  following  criteria:  (1)  RMS 
station  corrections  at  the  Initial  level  <  10~4m;  and  (2)  No  junction  point  station 
correction  (highest  level)  >  10~4ra.  (See  tables  1-4.) 


TABLE  1. — Computer  times  (computed  in  Central  Processing  Unit  (CPU)  seconds). 

0th  iteration*  1st  iteration  2d  iteration 

CPU  sec.  CPU  sec  CPU  sec 


1.  Initial  level:  Set  up  and  reduce  normal  equations  for  interior  points  in  Initial  level.  Pass  information 
to  the  higher  level. 

Block  A    306.8                          303.2  296.5 

Block  B    146.7                           108.8  113.5 

Block  C    132.5                           102.8  105.4 

Block  D    211.9                           199.4  204.5 

2.  Higher  level:  Reduce  normal  equations  and  back  solve  for  junction  unknowns. 

740.8                           713.6  715.5 

3.  Return  to  Initial  level:  Back  solve  for  interior  unknowns,  completing  the  iteration. 

27.1                             28.1  29.4 

Totals 1,565.8                        1,455.9  1,464.8 

*  The  times  for  the  0th  iteration  included  recording  unknowns. 


Table  2. — Adjustment  results. 


Degrees  of  freedom 

=       8,893 

PVV 

=     16,525.608 

Variance  of  unit  weight  * 

1.858 

*  The  large  variance  of  unit  weight  is  attributed  to  poor  weighting.  Software  to  recompute  a  priori 
standard  errors  using  Ferrero's  formula  will  be  incorporated  into  the  new  adjustment  system,  but  was 
not  operational  for  the  test. 
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TABLE  3. — Characteristics  of  the  four  initial -level  blocks  (IJP  =  Inside  Junction  Point.  OJP  =  Outside 

Junction  Point). 


85° 30' 


83°  0' 


38°  0' 


Block  A 

Block  B 

Stations 

Observations 

Stations 

Observations 

835  Interior     _ 

143  IJP    

117  OJP 

6246  Directions 

10  Azimuths 

331  Distances 

616  Interior     _ 
93  UP 

4165  Directions 

106  OJP 

288  Distflnnes 

Block  D 

Block  C 

Stations 

Observations 

Stations 

Observations 

798  Interior     __ 
82  IJP    

5482  Directions 

10  Azimuths 

521  Interior  _ 
102  IJP 

3506  Directions 

0  Azimuth 

111  OJP 

704  Distances 

95  OJP 

612  Distances 

38°  0' 


36°  30' 


35°0' 


TABLE  4. — Observable  statistics. 


Number  of  initial-level  (interior)  stations 
Number  of  junction  points  (higher  level) 
Number  of  horizontal  directions 
Number  of  astronomic  azimuths 
Number  of  distance  measurements 
Number  of  abstracts  (station  constants) 
Number  of  singularities  * 


2,770 

610 

19,399 

21 

1,935 

5,824 

122 


*  The   122  singularities  were  all  junction  points  at  the  highest  level.  There  were  no  singularities 
among  initial-level  junction  points. 

Conclusion 

The  Tennessee/Kentucky  pilot  test  has  yielded  a  wealth  of  information  about 
the  new  adjustment  system.  Besides  providing  a  valid  test  of  the  elaborate 
computer  software  used,  it  isolated  "bottlenecks''  in  the  system  and  identified 
where  new  data  handling  procedures  are  needed.  But  most  important,  the  test 
confirmed  the  soundness  of  the  fundamental  logic  behind  the  new  adjustment 
system,  and  that  NGS  is  progressing  on  schedule  towards  its  ultimate  goal — 
redefinition  of  the  North  American  geodetic  networks. 


m 


scussion 


Ashkenazi:  If  the  a  posteriori  variance  factor  for  a  large  adjustment  such  as  this  exceeds  the  value  of 
about  1.2,  one  should  be  wary  that  it  may  be  caused  by  blunders  in  the  observations.  One  should  look 
into  the  observations  instead  of  merely  correcting  the  situation  by  changing  the  weight  of  the 
observations. 

Timmerman:  I  should  point  out  that  the  system  is  still  in  its  infancy.  We  have  very  limited 
postprocessors.  We  are  not  able  to  get  the  type  of  information  needed  to  do  a  further  analysis.  The 
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primary  purpose  of  the  test  was  to  check  out  the  blocking  program,  not  to  get  a  rigorous  adjustment  of 
the  area  specifically. 

Bossier:  Professor  Ashkenazi  is  quite  right.  This  problem  should  be  pointed  out.  Do  you  have  a  list  of 
the  variances  of  unit  weight  of  the  individual  projects  that  went  into  the  total  adjustment? 

Timmerman:  I  don't  have  the  list  here.  I  do  know  that  69  of  the  85  project  variances  exceeded  the  upper 
limit  of  x2-  Some  of  them  were  pretty  terrible  and  had  variances  of  10  to  14.  The  point  I  want  to  make 
by  that  comment  is  our  weighting  scheme  right  now  is  not  good.  We  realize  a  problem  exists  in  this 
case,  not  the  other  problem  we  referred  to. 

Dracup:  Most  of  the  distances  in  this  particular  test  were  acquired  by  model  1  Tellurometers.  The 
weights  assigned  to  the  distances  are  known  to  be  incorrect. 

Kouba:  The  Geodetic  Survey  of  Canada  is  encountering  similar  problems  in  its  adjustment.  I  feel  that 
the  explanation  may  be  partially  due  to  neglecting  existing  correlations  and  covariances  between  various 
kinds  of  observations. 

Bossier:  This  problem  warrants  a  few  more  words.  Yes,  we  have  the  same  kind  of  experience  where  the 
variance  of  unit  weight  is  generally  larger.  We  tested  about  20  projects  using  Ferrero's  formula  as  a 
device  for  obtaining  a  priori  weights  for  the  directions.  These  projects  did  not  display  the  problem  of 
high  variances  as  noted  from  the  use  of  station  adjustments  or  some  other  technique  for  obtaining  a 
priori  weight.  I  agree  there  is  still  something  to  be  learned  here. 

Poder:  In  the  Danish  horizontal  network  we  observed  a  similar  effect.  While  the  a  priori  weight  on 
directions  is  about  0.2",  the  a  posteriori  accuracy  is  about  0.4",  which  is  in  good  agreement  with 
Ferrero's  formula.  In  my  opinion,  the  possibility  exists  that  the  problem  may  be  caused  by  the  neglect  of 
lateral  refraction. 

Pinch:  Did  you  consider  giving  a  certain  scale  correction  to  the  Tellurometer  observations  in  your 
network?  The  scale  of  the  Tellurometer  observations  is  known  to  be  somewhat  uncertain. 

Timmerman:  We  did  the  tests.  Dr.  Snay  analyzed  the  Tellurometer  residuals  in  the  initial  level  blocks. 
He  concluded  that  something  is  wrong  with  the  weights. 

Gergen:  The  residual  analysis  made  by  Snay  on  the  Tellurometer  distances  clearly  shows  there  was 
never  an  error  in  the  estimation  of  the  standard  errors  of  the  observations.  It  was  a  question  of  improper 
classification.  In  a  project  such  as  this,  it  is  easy  to  make  this  kind  of  error  and  very  easy  to  fix.  The 
problem  has  nothing  to  do  with  an  inability  to  assess  properly  standard  errors  of  observations. 
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Abstract:  The  new  adjustment  of  the  North  American  Horizontal 
Datum  is  a  major  task  involving  a  variety  of  special  requirements  and  the 
systematic  ordering  of  these  tasks  to  assure  their  completion  according  to 
schedule.  This  paper  presents  an  overview  of  the  Horizontal  Network 
Branch's  new  adjustment  responsibilities  to  provide  an  indication  of  the 
complexities  of  such  an  undertaking  from  the  point  of  view  of  personnel 
allocation  and  computer  requirements. 

Definition  of  Tasks 

At  the  outset,  NOS  management  selected  an  NAD  project  manager  with  broad 
technical  responsibilities.  These  ranged  from  day-to-day  technical  decisions  to  the 
briefing  of  NGS,  NOS,  and  NOAA  management  on  the  status  of  the  project.  The 
NAD  project  manager  immediately  formed  an  NAD  staff  comprised  of  key 
management  personnel  in  NGS.  This  group  meets  on  a  weekly  basis  to  discuss 
important  technical  and  management  issues  in  order  to  ensure  the  proper  direction 
of  the  project. 

One  of  the  first  issues  which  required  a  decision  was  that  all  observational 
material  would  be  placed  in  machine-readable  form.  This  included  the  following 
types  of  observations:  observed  horizontal  directions,  zenith  distance  observations, 
astronomic  positions  and  azimuths,  taped  and  electronically  measured  distances, 
and  all  satellite  and  Very  Long  Baseline  Interferometric  (VLBI)  measurements. 

It  was  recognized  that  each  of  the  types  of  observations  should  be  properly 
organized  for  effective  processing,  analysis,  and  validation.  For  each  type  of 
observation,  it  would  also  be  necessary  to  devise  methods  for  assessing  proper 
estimates  of  precision.  The  most  voluminous  file  consists  of  2.6  million  horizontal 
direction  observations  along  with  approximately  45,000  measured  distances,  3,500 
astronomic  positions  and  azimuths,  and  200  Doppler  positions. 

Early  in  the  project,  it  was  unanimously  agreed  that  the  adjustment  would  be 
carried  out  employing  the  least-squares  adjustment  of  observation  equations  using 
the  Helmert  blocking  technique.  Initially,  the  geodetic  positions  of  all  horizontal 
network  stations  and  auxiliary  data  were  placed  in  machine-readable  form  to  create 
a  basic  synoptic  file.  Concomitantly,  we  developed  project  validation  guidelines 
which  resulted  in  our  "Trav-deck  Procedures."  These  procedures  assure  uniform- 
ity in  approach  to  the  major  task  of  project  validation.  A  Trav-deck  is  a  collection 
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of  cards  or  card  images  which  is  directly  acceptable  by  our  production  processor 
program  TRAV10  (Schwarz  1978).  It  is  composed  of  all  geodetic  positions  in  a  field 
project  and  all  related  observations. 

The  decision  to  perform  the  new  adjustment  using  all  observations  related  to 
all  (approximately  230,000)  horizontal  network  stations  was  of  crucial  importance. 
The  alternative  of  initially  processing  only  the  60,000  main  scheme  stations  in  the 
network  was  dismissed  as  having  the  following  disadvantages:  The  solution  of  the 
remaining  stations  would  not  be  theoretically  correct,  since  the  adjustment  would 
be  carried  out  in  two  stages.  The  separation  of  the  data  into  two  groups  would 
present  a  rather  difficult  problem  resulting  in  much  duplication  in  the  second 
phase  of  the  adjustment.  This  would  have  driven  the  overall  cost  much  higher  than 
the  amount  incurred  with  one  simultaneous  solution. 

Next,  we  decided  that  all  data  must  be  organized  into  a  geodetic  data  base  to 
provide  automatic  access  to  the  large  mass  of  data.  Thus,  the  following  major  task 
was  formulated:  the  design  of  a  flexible  data  base  capable  of  handling  the  great 
variety  of  applications  envisioned  (Alger  1978).  Our  attention  gradually  shifted  to 
the  development  of  Helmert  blocking  software,  which  is  naturally  divided  into 
initial  level  (Isner  1978)  and  higher  level  (Dillinger  1978)  programs.  Since  it  was 
realized  from  the  outset  that  two  levels  of  blocking  would  not  be  sufficient,  a 
multilevel  block  reduction  program  concept  came  into  being. 

Parallel  to  these  tasks,  all  station  descriptions  will  be  converted  to  computer- 
readable  form  for  automatic  dissemination  of  results  after  the  completion  of  the 
adjustment  in  1983. 

Soon  after  all  projects  in  the  eastern  portion  of  the  United  States  were 
validated,  it  was  decided  that  a  major  effort  should  be  directed  toward  the  analysis 
of  multiproject  portions  of  the  network.  This  task  was  named  Block  Validation  as 
contrasted  with  the  validation  of  single  projects  which  was  designated  Project 
Validation. 

Also,  in  parallel  with  these  tasks,  the  need  to  continue  constraining  unadjusted 
projects  into  the  NAD  1927  Datum  was  considered.  Since  at  the  beginning  of  the 
New  Adjustment  we  had  approximately  300  unadjusted  projects  (over  30,000 
stations),  the  constrained  adjustment  task  was  considered  to  be  of  major  impor- 
tance and  would  require  a  significant  number  of  personnel.  The  constrained 
adjustment  effort  would  satisfy  the  public's  need  for  adjusted  coordinates  in  areas 
of  economic  or  scientific  importance  and  create  synoptic  files  of  all  unadjusted 
projects  in  order  to  initialize  the  data  base. 

Today,  it  is  estimated  that  we  have  400  unadjusted  projects  comprising  27,000 
stations.  One  must  consider  that  the  Horizontal  Network  Branch  receives  an 
average  of  6,000  stations  per  year,  both  as  a  result  of  NGS  field  work  as  well  as 
from  other  participating  Federal,  State,  and  local  organizations.  Table  1  shows  the 
number  of  stations  received  in  1977. 

Logically,  we  know  there  are  two  remaining  tasks,  namely  data  entry,  i.e.,  the 
entering  of  observations  into  the  geodetic  data  base  and  the  actual  execution  of  the 
final  adjustment  by  the  Helmert  blocking  technique. 

The  major  tasks  for  the  Horizontal  Network  Branch  in  the  NAD  adjustment 
project  are  project  validation,  constrained  adjustments,  block  validation,  data 
entry,  and  Helmert  block  adjustment.  The  Horizontal  Network  Branch  of  NGS  has 
been  in  the  forefront  in  developing  techniques  to  meet  the  difficult  responsibilities 
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TABLE  1.— New  stations  received  in  1977  by  Horizontal  Network  Branch,  NGS,  NOS,  NOAA. 

Number  of 
Organization  stations 

National  Geodetic  Survey,  NOS 1,364 

Pacific  Marine  Center,  NOS     447 

U.S.  Geological  Survey 1,257 

Various  Highway  Departments     784 

Other  State  organizations 597 

Defense  Mapping  Agency 303 

International  Boundary  Commission    135 

Others 1,290 


Total  104  Projects 6,177 


in  the  new  adjustment  process.  The  following  is  an  accounting  of  the  resources 
and  productivity  of  the  branch  members  in  their  efforts  to  achieve  data  integrity. 

Project  Validation 

This  task  consists  of  processing  the  5,000  field  projects  in  the  NGS  archival 
files.  In  brief,  it  consists  of  station  identification  including  station  order  and  type 
assessment,  coding  of  abstracts  for  directions  and  distance  observation  source 
documents,  conversion  of  the  observational  material  to  computer-readable  form, 
retrieval  of  geodetic  position  and  astronomic  information,  and  the  unconstrained 
adjustment  of  the  project.  The  precision  of  the  observations  is  assessed  and 
verified,  necessary  rejections  of  blunders  are  made,  and  the  project  is  stored  on 
magnetic  tape  in  anticipation  of  entry  into  the  data  base.  This  process  is  being 
carried  out  with  a  work  force  which  averages  25  people.  The  group  is  divided  into 
three  sections:  A,  B,  and  C.  Table  2  shows  the  performance  of  these  sections 
between  January  1977  and  February  1978.  During  this  interval,  754  projects, 
totaling  59,635  stations,  were  validated  by  the  equivalent  of  23.5  persons  per 
month.  As  of  February  1978,  a  total  of  2,581  projects,  containing  196,498  stations, 
have  been  validated.  The  average  number  of  stations  per  project  is  76.  Some 
stations  appear  in  more  than  one  project;  it  can  be  assumed  that  a  duplication  rate 
of  about  20  percent  is  reasonable.  This  has  been  reflected  in  our  statistics. 
Computer  processing  costs  are  approximately  $5  per  station. 

Constrained  Adjustments 

As  in  Project  Validation,  precise  guidelines  were  also  written  to  simplify  and 
streamline  the  constrained  adjustment  process.  The  main  difficulty  in  performing 
acceptable  constrained  adjustments  is  an  assessment  of  how  well  new  surveys 
should  fit  into  the  existing  network.  It  was  decided  that  except  for  projects  which 
specifically  called  for  relative  standard  error  accuracies  of  1:100,000,  all  other 
projects  would  be  constrained  to  the  existing  1927  network  if  the  resulting  relative 
accuracies  were  no  worse  than  1:10,000.  Table  3  shows  the  monthly  production 
figures  for  constrained  adjustments.  These  results  were  achieved  with  an  average 
of  eight  full-time  geodesists. 
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TABLE  2. — Monthly  production  showing  project  validations  performed  by  Horizontal  Network  Branch, 

NGS,  NOS,  NOAA . 


Date 


Work  force 

Projects 

Section 

Total 

A 

B 

C 

Stations 

9.6 

6.4 

11.0 

27.0 

46 

2,984 

10.9 

6.3 

10.5 

27.7 

45 

4,426 

9.2 

6.9 

11.4 

27.5 

47 

4,204 

9.4 

6.2 

10.2 

25.8 

57 

5,285 

9.0 

5.9 

10.3 

25.2 

73 

4,529 

10.0 

6.8 

9.6 

26.4 

52 

3,749 

9.0 

4.8 

8.1 

21.9 

40 

1,960 

7.6 

7.1 

8.5 

23.2 

72 

4,505 

7.1 

7.1 

7.1 

21.3 

90 

5,603 

7.6 

7.0 

6.5 

21.1 

90 

5,552 

7.3 

6.8 

6.5 

20.6 

25 

4,359 

7.0 

6.3 

7.0 

20.3 

37 

4,335 

6.5 

4.3 

6.3 

17.1 

38 

3,636 

6.6 

6.4 

8.8 

23.8 

42 

4,508 

January  '77    

February  '77 

March  '77 

April'77     

May  77 

June  77 

July  77 

August  77 

September  77 

October  77   

November  77   

December  77    

January  78    

February  78 

Total 116.8 

Average 8.3 


5.3 


121.8 


328.9 


754 


59,635 


6.3 


8.7 


23.5 


53 


4,259 


The  total  office  cost,  including  salaries,  overhead,  computer  charges,  equip- 
ment, etc.,  for  one  adjusted  horizontal  network  station  averages  $60. 

Mark  Maintenance 

The  National  Geodetic  Survey  has  a  substantial  mark  maintenance  program. 
Hundreds  of  mark  maintenance  projects  reach  our  office  each  year,  consisting 
mainly  of  mark  relocations  or  replacements.  Station  monuments,  and  azimuth  and 
reference  marks  must  be  relocated  or  replaced  because  of  movement  or  destruction 
of  the  original  marks.  Since  each  mark  maintenance  project  deals  with  just  a  few 
marks,  they  normally  do  not  present  an  adjustment  problem. 

Recently  we  began  recording  all  mark  maintenance  projects  within  each  State 
onto  one  computer  file.  This  information  will  then  be  integrated  into  the  network 
during  the  block  validation  phase  of  the  new  adjustment  (Timmerman  1978). 
Table  4  shows  our  mark  maintenance  inventory  for  24  States  and  the  District  of 
Columbia. 


Programing  Requirements 

The  large-scale  effort  which  deals  with  the  adjustment  of  50  to  100  projects 
each  month  cannot  succeed  unless  efficient  computer  programs  are  available.  The 
most   significant   difficulty   is  caused   by   using  several   independent   computing 
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Table  3. — Monthly  production  of  constrained  adjustments  performed  by  Horizontal  Network  Branch, 

NGS,NOS,NOAA. 

Stations 


Date 


May'77    

June  '77 

July'77    

August  '77 

September  '77 
October '77 ___ 
November  '77  _ 
December  '77  _ 

January  '78 

February  '78  _ 
March'78    ___ 


Old 

New 

Fixed 

Readjusted 

Total 

342 

154 

2 

498 

753 

305 

232 

1,290 

619 

221 

355 

1,195 

526 

300 

17 

843 

1,073 

79 

11 

1,163 

1,556 

328 

137 

2,021 

1,566 

187 

781 

2,534 

2,024 

669 

62 

2,755 

536 

894 

386 

1,816 

563 

178 

17 

758 

984 

299 

28 

1,311 

Total    

10,542 

3,614 

2,028 

16,184 

Average   

958 

328 

184 

1,471 

Percentage 

65.1 

22.3 

12.5 

systems,  involving  different  program  languages  and  different  setups  to  control  the 
various  operating  systems.  While  the  main  production  effort  is  performed  on  the 
NOAA  CDC  6600  computer,  some  portions  of  the  constrained  adjustment  process 
are  being  performed  on  the  NOAA  IBM  360/195. 

The  most  important  computer  program  is  our  least-squares  adjustment 
program  TRAV10  and  its  associated  auxiliary  programs  required  for  data  verifica- 
tion, correction,  and  storage.  TRAV10  is  a  remarkable  program  capable  of 
efficiently  adjusting  as  many  as  2,000  stations  having  any  number  of  observations. 
An  extraordinary  feature  of  TRAV10  is  that  central  processing  time  is  directly 
proportional  to  the  number  of  stations  in  the  project,  i.e.,  central  processing  time 
varies  only  linearly  with  respect  to  the  number  of  stations  being  adjusted.  A  major 
effort  has  been  expended  by  the  NGS  Systems  Development  Division  to  develop 
software  which  quickly  and  efficiently  corrects  and  updates  card  images. 

Future  Tasks 

Tasks  which  lie  ahead  for  the  Horizontal  Network  Branch  include  block 
validation,  data  entry,  and  Helmert  blocking.  These  tasks  are  divided  into  distinct 
processes,  such  that  each  may  be  treated  concurrently  and  independently  in  each 
initial  level  block. 


Conclusion 

The  new  adjustment  of  the  horizontal  network  of  the  United  States  is  a 
project  which  presents  a  multitude  of  problems  on  a  daily  basis.  The  successful 
performance,  to  date,  can  be  attributed  to  highly  competent  personnel  in  all  areas, 
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TABLE  4. — Mark  maintenance  project  inventory  for  24  States  and  District  of  Columbia  performed  by 
Horizontal  Network  Branch,  NGS,  NOS,  NOAA. 

(Partial  listing) 


State 


Station 
replacement 


Azimuth 
mark 


Reference 
mark 


Projects 


Arizona    58  65  163  206 

Connecticut     23  3  42  47 

District  of  Columbia 8  1  12  17 

Delaware 6  4  19  22 

Florida 157  131  643  691 

Georgia    54  54  225  239 

Kentucky     34  48  161  162 

Maine 12  4  33  39 

Maryland     167  56  271  430 

Massachusetts    28  2  45  85 

Mississippi 112  138  712  764 

Montana 10  12  37  45 

Nebraska     46  141  284  311 

New  Hampshire 3  0  4  4 

New  Jersey 16  4  46  73 

New  Mexico    29  34  105  126 

New  York    80  47  225  301 

North  Carolina    59  35  238  262 

Ohio     37  55  180  206 

Rhode  Island 10  4  23  30 

Tennessee   49  50  231  253 

Utah     6  7  15  16 

Vermont 5  4  12  16 

Virginia    87  78  293  347 

West  Virginia 8  5  27  23 

Washington     6  14  18  23 

Total  projects    4,738 


from  project  manager  to  geodesists,  programers,  technicians,  and  keypunch 
operators.  Its  success  is  also  the  result  of  the  full  utilization  of  reliable  computers 
and  efficient  programs,  responsive  high-level  management,  and  adequate  fiscal 
support. 
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Abstract:  Uncertainties  in  the  position  of  Global  Positioning  System 
(GPS)  satellites  are  expected  to  limit  the  accuracy  of  the  determination  of 
the  absolute  position  of  observing  stations  to  about  a  meter.  However, 
this  accuracy  should  be  obtainable  with  a  few  hours  of  observations.  A 
number  of  modes  of  observation  and  data  analysis  are  possible,  which 
can  be  expected  to  yield  accuracies  in  the  determination  of  the  relative 
positions  of  stations  to  better  than  10-m  accuracy  for  base  lines  up  to 
2,000  km  in  length  and  for  observation  spans  of  a  few  hours. 


Introduction 

Later  this  year,  demonstration  tests  of  the  NAVSTAR  Global  Positioning 
System  will  begin  in  southeastern  United  States.  Global  deployment  is  proposed  in 
1984.  The  purpose  of  this  paper  is  to  review  the  potential  applications  of  the 
system  to  the  determination  of  geodetic  positions. 

The  GPS  satellites  will  transmit  a  pseudorandom  code  (PRN  signals)  at  two 
frequencies,  1575  Mhz  and  1227  Mhz,  with  a  suppressed  carrier.  The  two 
frequencies  are  available  for  compensation  for  first-order  ionospheric  refraction 
effects.  Correlation  of  the  received  code  with  the  corresponding  code  synthesized 
by  a  receiver  allows  a  ground  observer  to  measure  the  transit  time  of  the  signal 
from  the  satellite  to  the  receiver  from  which  the  range  to  the  satellite  can  be 
calculated.  The  time  the  code  is  transmitted,  along  with  the  satellite  position,  is 
broadcast  by  the  satellite  to  10  ns  accuracy  on  the  basis  of  predictions  made  by  the 
ground  control  network.  The  ground  observer  corrects  his  clock  by  solving 
simultaneously  for  his  position  and  clock  correction  on  the  basis  of  the  apparent 
ranges  to  four  satellites.  A  fuller  description  of  the  system  is  given  by  Martin 
(1978). 

Ephemeris  accuracy. — A  number  of  simulations  have  been  conducted  to 
estimate  the  accuracy  of  the  computed  and  predicted  orbit  and  satellite  clock.  The 
error  models  included  uncertainties  in  the  Earth's  orientation  and  rotational  rates, 
station  locations,  ground  and  satellite  clocks  (random  and  systematic),  Earth's 
gravity  field,  and  solor  radiation  force.  Somewhat  different  results  are  obtained 
depending  on  the  assumptions  concerning  the  stability  of  the  oscillators,  the 
treatment  of  the  observational  data,  and  the  satellite-station  geometry,  but  the 
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TIME    (DAYS) 
FIGURE  1. — Deterministic  orbit  errors. 

following  results  are  typical  of  the  errors  found  either  by  deterministic  or 
covariance  analysis  for  the  central  day  of  a  5-day  orbit  fit: 


Orbital  Error 

Radial 0.2  m 

Tangential   2.0  m 

Normal     2.0  m 

Figure  1  shows  that  the  errors  have  a  12-hour  period  with  a  secular  change  in 
the  tangential  component,  as  would  be  expected  for  satellites  with  a  12-hour  orbit 
period.  The  standard  errors  are  shown  in  figure  2.  Comparison  of  figures  1  and  2 
reveals  that  this  covariance  analysis  underestimates  the  deterministic  error  by  a 
factor  of  3  at  the  ends  of  the  fit  span.  No  significant  improvement  was  obtained  in 
the  nominal  Earth's  orientation  parameters  or  station  coordinates  which  were 
assigned  a  priori  uncertainties  equivalent  to  a  meter  at  the  Earth's  surface. 

Clock  stability. — A  major  key  to  accurate  orbit  and  geodetic  computations  is 
the  stability  of  satellite  and  ground  oscillators  used  to  make  measurements.  Since 
the  satellite  signals  travel  at  the  velocity  of  light,  an  uncertainty  in  time  of 
transmission  or  receipt  of  the  signal  of  1  ns  results  in  an  error  in  the  measured 
range  of  0.3  m.  The  expected  accuracy  of  various  oscillators  are  shown  in  figure  3 
in  the  form  of  Allen  variance  curves,  which  give  the  fractional  uncertainty  of  the 
oscillator  frequency  as  a  function  of  the  time  span  over  which  the  frequency  is  to 
be   assumed   to  be   constant.    Also   shown   on   the  graph   are  the   corresponding 
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TIME     (  DAYS  ) 
Figure  2a. — Standard  error  in  tangential  position. 


TIME    (DAYS) 
FIGURE  2b. — Standard  error  in  radial  position. 
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2.0 


2  4 

TIME    (DAYS) 

Figure  2c. —  Standard  error  in  out-of-plane  positi 


integrated  clock  errors.  Thus,  for  the  6-second  correlation  times  used  to  make 
pseudorange  measurements,  none  of  the  measured  oscillators  produce  errors  as 
large  as  1  centimeter.  But  during  the  time  interval  of  a  satellite  pass  over  a  station, 
which  can  be  8  hours,  an  error  of  1  m  can  accumulate  for  some  oscillators.  While 
the  variations  of  the  oscillator  can  be  modeled  by  deterministic  and  statistical 
parameters,  the  larger  the  uncertainty  of  the  a  priori  parameters,  the  larger  the 
uncertainty  of  the  satellite  orbit  or  geodetic  solutions. 

Effect  of  orbit  biases  on  relative  station  positions. — The  determination  of 
absolute  station  locations  based  on  GPS  observations  will  be  limited  to  an  accuracy 
of  about  1  meter  due  to  uncertainties  in  the  satellite  position,  satellite  clock  errors, 
and  the  coordinate  system.  However,  this  accuracy  will  be  achieved  in  hours  rather 
than  in  days,  as  is  the  practice  now  for  Navy  navigation  satellite  observations. 
Furthermore,  the  system  will  prove  considerably  more  advantageous  for  the 
determination  of  relative  station  locations  because  of  the  considerably  increased 
height  of  the  satellite.  Errors  in  the  satellite  orbit  that  are  normal  to  the  plane 
defined  by  the  radius  vectors  to  two  stations  are  completely  negligible  compared  to 
the  20,000  km  satellite  altitude.  Figure  4  shows  that  radial  errors  in  the  satellite 
orbit,  which  are  expected  to  be  about  20  cm,  will  produce  less  than  a  centimeter 
effect  on  the  relative  range  to  the  satellite  from  two  stations  irrespective  of  the 
distance  between  the  stations.  The  component  of  the  orbit  error  which  lies  in  the 
plane  of  the  radius  vector  to  the  two  stations  and  is  parallel  to  the  base  line 
between  the  station  does  show  sensitivity  to  distance  between  stations  (fig.  5).  This 
error  component,  which  is  expected  to  be  2  m,  will  affect  the  relative  ranges  for 
two  stations  by  2  to  10  cm  for  stations  1,000  km  apart,  depending  on  the  elevation 
angle  to  the  satellite.  The  variation  in  the  elevation  angles  to.  GPS  satellites  are 
shown  in  figure  6  for  various  station  separations. 

Propagation  effects. — Ionospheric  effects  on  range  measurements  neglected 
by  the  first-order  corrections  made  by  combining  the  L,  and  L2  frequencies  are 
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30  60 

ELEVATION    ANGLE    AT  STATION     I 
FIGURE  6. — Elevation  angles  versus  station  separation. 


90 


shown  to  be  much  below  1  cm  in  figure  7.  Studies  by  Hopfield  (1975)  show  that 
variations  in  tropospheric  corrections  from  those  computed  from  surface  measure- 
ments are  below  10  cm  for  elevation  angles  above  10°  (fig.  8).  This  error  is  smaller 
at  higher  elevation  angles,  and  will  produce  smaller  effects  on  the  relative  range 
for  two  stations  having  similar  atmospheric  conditions. 

Data  measurements. — Two  types  of  measurements  will  be  considered  here, 
pseudorange  obtained  by  correlation  of  the  satellite-generated  code  with  a  receiver- 
generated  code  over  a  6-second  period,  and  phase  measurement  obtained  by 
measurements  from  the  reconstructed  carrier  signal  by  the  receiver.  The  accuracy 
of  the  measurements  depends  on  the  strength  of  the  measured  signal.  For  expected 
transmitter  power  and  the  small  antennas  intended  for  use  with  most  receivers,  the 
expected  accuracy  is  as  follows: 


Signal 

PRN  (6  seconds) 
Phase 


Random  error 

150  cm 
0.47  cm 
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ZENITH  ANGLE  (DEGREES) 
FIGURE  7. — Residual  ionospheric  error. 

The  measured  random  error  for  the  PRN  signals  is  close  to  the  designed 
specifications  while  the  error  for  the  phase  measurements  is  taken  from  the  design 
specifications  (fig.  9)  for  a  receiver  being  constructed  by  the  Naval  Surface 
Weapons  Center  for  the  Defense  Mapping  Agency.  While  the  phase  measurements 
can  be  made  with  a  precision  that  is  two  orders  of  magnitude  better  than  that  for 
the  PRN  signal,  the  utilization  of  the  phase  measurements  imposes  severe 
requirements  on  the  stability  of  the  receiver  oscillator  (unless  cycle  ambiguity  of 
the  phase  can  be  resolved). 

Receiver  requirements  for  simultaneous  range  measurements. — In  navigation 
applications,  the  PRN  signal  is  measured  to  four  satellites  and  the  receiver  clock 
error  is  determined.  Therefore,  the  minimum  requirement  for  the  receiver  oscillator 
is  only  that  required  to  maintain  precision  over  the  6-second  measurement  interval. 
In  this  mode,  the  accuracy  of  position  determination  is  three  to  four  times  larger 
than  the  measurement  accuracy  due  to  geometric  dilution  of  precision  (GDOP). 
Thus,  a  1-m.  range  measurement  error  corresponds  to  a  3-m  position  uncertainty. 
With  better  than  the  minimum  oscillators,  the  receiver  clock  can  be  calibrated 
using  multiple  measurements  to  the  satellite,  thus  improving  the  GDOP  at  a  rate 
faster  than  that  due  to  simply  reducing  random  errors.  Of  course,  the  satellite 
oscillator  has  more  severe  requirements  to  support  such  accuracies,  but  satellite 
clock  errors  are  mitigated  in  the  determination  of  the  relative  location  of  two 
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ERROR    SOURCE 


RECEIVER    PHASE    ERROR 


CLOCK    READOUT    RESOLUTION 


TIME    SKEW    (L1/L2  FOR    REFRACTION) 


RMS 


ERROR 
0.47  CM 

.03 

.02 
0.47  CM 


(i) 


d) 


PLUS   CLOCK    STABILITY   TIMES    INTEGRATION    INTERVAL 
FIGURE  9. — Instrumentation  error  budget  for  phase  measurement. 
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receivers.  Requirements  on  the  receiver  oscillator  are  also  more  severe  if  the 
measurements  to  the  satellites  are  not  made  simultaneously.  To  summarize,  the 
relative  accuracy  in  the  position  of  two  stations  based  on  150-cm  random  error  in 
range  measurements  to  four  satellites  over  a  6-second  interval  is  150  x  \/2  x  3  = 
645  cm  for  a  GDOP  of  three.  If  the  error  is  entirely  random,  repeated 
measurements  during  a  7-hour  time  period  will  drive  the  error  down  to  10  cm. 

Receiver  requirements  for  doppler  observations . — The  high  precision  possible 
for  phase  measurements  and  the  successful  use  of  such  measurements  for  the 
Navy  navigation  system  satellites  motivates  one  to  examine  the  use  of  such 
measurements  for  the  GPS  satellites.  In  this  mode  of  analysis,  station  position  is 
determined  on  the  basis  of  change  in  Doppler  signal  during  one  or  more  satellite 
passes  over  a  station.  Analysis  of  receiver  requirements  is  complicated  by  (1)  the 
possible  methods  of  data  representation,  (2)  extreme  dependence  on  geometry,  and 
(3)  oscillator  effects.  In  an  attempt  to  get  some  intuitive  feel  for  the  strength  of 
solution,  "navigation"  solutions  were  obtained  in  a  manner  similar  to  that  employed 
for  observations  of  Navy  navigation  satellites.  Data  were  treated  in  two  ways:  as 
uncorrelated  range  difference  observations  and  as  biased  range  observations.  The 
former  representation  is  that  most  generally  used  for  the  lower  altitude  satellites 
while  the  latter  is  that  used  most  prominently  by  Brown  (1977).  In  navigation 
solutions  based  on  uncorrelated  range  differences,  observations  for  one  pass  of  a 
satellite  over  one  station  were  used  to  make  a  least-squares  solution  for  oscillator 
frequency,  refraction  scaling  parameter  (with  10-percent  uncertainty  for  the  a 
priori  value)  and  the  range  and  along-track  position  of  the  station  at  the  time  of 
closest  approach  of  the  satellite  to  the  station  during  the  pass.  In  navigation 
solutions  based  on  biased  range  data,  the  range  bias  parameter  was  added  to  these 
four  parameters.  Despite  the  fact  that  the  navigation  solutions  were  made  for  six 
satellites  and  five  stations,  the  "GDOP"  curves  were  not  well  defined,  because  of 
a  severe  dependence  on  the  geometry  and  the  limited  geometries  afforded  by 
repeat  ground  tracks.  There  appears  to  be  a  dependence  on  the  length  of  the  pass 
where  long  passes  are  defined  for  northern  hemisphere  stations  as  westward  north- 
going  passes  or  eastward  south-going  passes,  while  short  passes  are  westward 
south-going  passes  or  eastward  north-going  passes  (see  fig.  10).  The  standard  error 
in  the  range  and  tangential  components  of  station  position  are  given  in  figures  11a 
and  116,  respectively,  for  measurements  made  at  15-minute  intervals.  Due  to  the 
lack  of  data  points  available  to  define  these  curves,  many  of  the  curves  could 
easily  be  in  error  by  20  percent.  The  curves  show  a  more  severe  dependence  upon 
data  representation  than  those  for  low  altitude  satellites  (which  are  about  a  factor 
of  3  different)  when  one  considers  that  the  data  interval  chosen  for  the  calculation 
strongly  favors  the  uncorrelated  range  difference  representation.  That  is,  an 
increase  in  data  rate  would  worsen  the  range  difference  results  while  only  a  limited 
extension  of  the  observational  interval  could  be  made  without  losing  the  information 
content  of  the  data.  On  the  other  hand,  the  uncertainties  for  range  data 
corresponding  to  random  error  would  be  reduced  with  a  decrease  in  the  data 
interval  at  the  rate  of  the  square  root  of  rates  of  the  number  of  observations. 
However,  the  biased  range  observations  impose  more  stringent  requirements  on 
oscillator  stability  to  capitalize  on  the  increased  strength  of  solution.  Figure  3 
shows  the  effect  of  oscillator  instability  to  be  only  about  5  cm  over  the  15-minute 
interval  assumed  for  the  range  difference  observations  while  the  errors  grow  by  an 
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FIGURE  lib. — Standard  error  in  tangential  position  per  1-m  random  error  in  phase  measurement  at  15- 

minute  intervals. 


order  of  magnitude  over  the  significant  portion  of  a  satellite  pass  which  would  be 
required  to  support  the  biased  range  representation.  The  critical  time  interval  for 
oscillator  stability  requirements  for  biased  range  representation  of  observations  is 
not  clear,  since  the  oscillator  frequency  is  a  parameter  of  solution  during  the  pass. 
Presumably,  neglected  oscillator  variations  over  averaging  times  of  a  third  or  half 
the  pass  would  be  particularly  damaging  to  the  navigation  solution.  One  measure 
of  the  effect  of  oscillator  variations  is  the  "filtered  noise"  value  obtained  in 
preprocessing  data.  This  is  the  root  mean  square  of  the  residuals  to  a  fit  for  orbit 
constants  and  oscillator  parameters  for  each  pass  of  a  satellite  over  a  station. 
Some  of  the  neglected  oscillator  variations  will  appear  in  these  residuals. 
Unfortunately,  some  of  the  variation  may  be  absorbed  in  the  orbit  parameters 
utilized  to  remove  systematic  effects  of  orbit  uncertainties.  Residuals  for  oscillators 
1  and  2  of  figure  3  are  shown  in  figures  12a  and  12b,  respectively,  for  data 
synthesized  for  the  given  oscillator  characteristics  and  for  a  random  observational 
error  of  12  cm  for  15-minute  data  samples  (corresponding  to  data  measurements 
with  150  cm  uncertainty  aggregated  to  15-minute  intervals).  For  both  oscillators, 
the  longer  period  frequency  variations  were  either  masked  for  the  short  period 
errors  or  were  absorbed  in  the  orbit  parameters,  since  the  residuals  for  range 
difference  data  were  worse  than  those  for  range  data.  Of  course,  the  optimum  data 
representation  would  be  as  correlated  range  difference  observations  with  proper 
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FIGURES  12a  and  12b. — Filtered  noise  for  15-minute  data  samples. 

representation  of  the  statistics  of  the  oscillator  behavior.  Simulations  for  this 
representation  have  not  been  made  to  date,  but  would  yield  a  GDOP  between  that 
for  uncorrelated  range  difference  and  that  for  biased  range  representations.  When 
phase  measurements  are  treated  as  uncorrelated  range  difference  measurements 
during  a  satellite  pass,  the  0.5  cm  random  measurement  error  will  probably  be 
masked  by  oscillator  instability,  which  can  be  5  cm  for  a  15-minute  integration 
time,  which,  with  a  GDOP  of  3  for  a  solution  for  two  components  of  station 
position,  would  yield  \/2  x  5  x  3  =  21  cm  for  the  relative  position  of  two  stations. 
Shortening  the  integration  time  to  3  minutes  could  reduce  the  oscillator  effects  by 
one-third  to  one-half,  but  experiments  show  that  the  GDOP  would  increase  by  a 
factor  of  12.  Treatment  of  the  measurements  as  biased  range  data  gives  a  GDOP 
near  unity  for  15-minute  samples  for  an  equivalent  precision  of  V2  x  5  X  1  =  7 
cm.  Reduction  of  the  integration  interval  improved  the  GDOP  by  factors  of  0.3  to 
0.6  for  sample  passes  (theoretically  1/  v5  =  0.45),  without  considering  the 
additional  improvement  of  one-third  to  one-half  from  smaller  effects  of  oscillator 
instability  at  the  shorter  integration  times.  However,  systematic  studies  of  effects 
of  longer  period  oscillator  instabilities  have  not  been  made  and  will  dominate  these 
precisions.  While  observations  of  a  GPS  satellite  pass  contain  more  information 
than  that  required  to  determine  just  two  components  of  station  position,  a  solution 
for  three  components  would  probably  be  sufficiently  weakened  so  that  two  satellite 
passes  should  be  used. 
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FIGURE  13. — Observing  techniques. 


Summary 

Uncertainties  in  the  position  of  GPS  satellites  are  expected  to  limit  the 
accuracy  of  the  determination  of  the  absolute  position  of  observing  stations  to 
about  a  meter.  However,  this  accuracy  should  be  obtainable  with  a  few  hours  of 
observations.  A  number  of  modes  of  observation  and  data  analysis  are  possible 
which  can  be  expected  to  yield  accuracies  in  the  determination  of  the  relative 
positions  of  stations  to  better  than  10  cm  accuracy  for  base  lines  up  to  2,000  km  in 
length  and  for  observation  spans  of  a  few  hours.  Some  of  the  questions  that  need 
to  be  addressed  in  selecting  the  optimum  mode  of  operation  are  noted  in  figure  13. 
Since  PRN  measurements  to  four  satellites  is  the  normal  mode  of  operation  of  the 
navigation  receivers  under  development,  such  equipment  may  be  more  readily 
available  than  Doppler  equipment,  even  though  the  latter  can  operate  with  fewer 
channels.  Larger  antennas  could  be  used  to  increase  the  signal  strength  of  PRN 
signals  and  thereby  reduce  the  random  error.  However,  PRN  signals  may  be  more 
subject  to  variable  receiver  delays  and  multipath  than  Doppler.  On  the  other  hand, 
more  careful  analysis  of  the  effects  of  oscillator  stability  on  Doppler  signals  needs 
to  be  conducted.  A  summary  of  the  modes  of  operation  is  given  in  figure  14. 
Omitted  from  the  figure  is  the  correlated  range  difference  mode  where  the 
statistics  of  the  oscillator  performance  are  properly  represented.  This  mode  will 
give  accuracies  between  that  for  uncorrelated  range  difference  and  biased  range. 
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Discussion 

MacDoran:  Is  it  possible  to  decode  the  ambiguity  of  the  carrier  to  about  15  cm? 

Anderle:  In  the  Doppler  mode  we  measure  range  differences  so  this  is  not  the  problem. 

Krakiwsky:  Do  you  know  what  the  difference  is  between  solutions  for  positions  using  ranges  only  or 

Doppler  measurements  only  or  when  both  range  and  Doppler  measurements  are  combined  together? 

Anderle:  The  modes  are  really  never  mixed;  they  are  used  sequentially.  Therefore,  the  question  cannot 

be  answered. 

Krakiwsky:  What  would  be  the  optimal  time  interval  for  the  Doppler  measurement? 

Anderle:  We  didn't  study  it  directly,  but  for  the  uncorrelative  mode,   15  minutes  is  probably  the 

optimum.  In  the  correlated  mode,  however,  the  interval  could  be  shortened  as  much  as  possible. 
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Abstract:  With  the  completion  and  publication  of  the  new  adjustment  of 
the  North  American  Datum  (NAD)  in  1983,  the  data  will  represent,  for 
the  first  time,  the  optimum  accuracy  obtainable  from  the  observations 
included  in  the  geodetic  networks  of  North  America.  To  the  surveyor  now 
using  the  published  coordinates  and  associated  data,  it  will  mean  that 
survey  closures  can  be  evaluated  without  undue  consideration  of  the 
constraints  inherent  in  the  present  network.  For  example,  to  have  a  good 
understanding  of  the  closures,  today  many  users  must  ascertain  by  one 
method  or  another  the  relative  accuracies  of  adjacent  networks  which 
were  adjusted  at  different  times.  Since  the  new  adjustment  will  be  a 
simultaneous  computation  which  should  provide  the  best  approximation 
of  a  homogenous  framework,  this  practice  can  be  substantially  reduced  or 
eliminated.  Other  surveyors  who  have  been  discouraged  because  of  the 
numerous  readjustments  in  the  past,  which  resulted  in  constant  changes 
in  the  published  results,  may  once  again  become  advocates.  To  those 
now  entering  the  profession,  the  advantages  of  becoming  a  user  will  be 
more  pronounced.  Modern  technology  will  be  used  with  confidence, 
eliminating  the  necessity  of  applying  disproportionate  corrections  to  the 
observations. 

Introduction 

To  most  U.S.  surveyors,  the  redefinition  of  the  North  American  Datum  (NAD) 
will  be  of  little  concern.  Most  who  use  it  are  well  aware  that  the  work  previously 
accomplished  remains  valid  and  will  be  recognized  by  the  courts  as  an  acceptable 
basis  for  position  determinations,  mapping,  and  engineering  designs.  On  occasion, 
it  may  be  necessary  to  recalculate  earlier  surveys,  but  this  is  considered  an 
exception.  In  some  instances,  the  approximate  shifts  of  coordinates  to  the  new 
datum  may  be  required,  but  the  need  would  be  infrequent. 

With  respect  to  the  surveying  profession,  this  is  an  ideal  time  for  the  New 
Adjustment.  The  need  for  coordinated  surveys  over  large  areas  and  their  use  in 
delineating  property  boundaries  have  been  foreseen  for  a  long  time.  However,  the 
means  to  accomplish  these  efforts  within  economic  bounds  have  only  recently 
become  available  to  a  sufficient  number  of  the  Nation's  surveyors.  Modern 
technology  assures  us  that  the  work  can  be  accomplished  at  a  local  level,  an 
important  consideration  since  most  surveyors'  practices  are  limited  geographically. 
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On  a  whole,  the  surveying  community  continues  to  be  in  a  learning  stage  regarding 
the  optimum  usage  of  1-second  theodolites  and  electronic  distance-measuring 
instruments  (EDMI).  When  the  New  Adjustment  is  completed,  the  U.S.  surveyor 
will  have  passed  the  learning  stage  and  be  in  a  position  to  take  full  advantage  of 
the  refined  datum. 

History  of  the  North  American  Datum 

Prior  to  1927,  geodetic  surveys  were  computed  on  the  North  American  Datum 
(NAD).  This  datum  was  originally  designated  as  the  New  England  Datum  in  1879, 
then  renamed  the  U.S.  Standard  Datum  in  1901,  and  finally  in  1913,  after  its 
adoption  by  Canada  and  Mexico,  it  was  renamed  the  NAD.  On  the  whole,  few 
practicing  surveyors  used  the  data,  although  plane  coordinates  were  available  for 
surveys  of  some  metropolitan  areas.  Among  those  cities  where  such  data  had  been 
computed  were  New  York  City,  Rochester,  N.Y.,  and  several  other  locales 
including  Pittsburgh,  Pa.,  and  Richmond,  Va.,  where  the  networks  were  developed 
by  a  private  company. 

Plane  coordinates  were  based  on  tangent  plane  systems.  Some  are  still  in  use 
today.  As  a  point  of  interest,  there  was  a  proposal,  as  early  as  1846,  to  cover  the 
entire  Commonwealth  of  Massachusetts  with  five  plane  coordinate  zones  of  that 
type.  The  triangulation  on  which  these  plane  coordinates  would  have  been  based 
was  not  computed  on  the  NAD,  but  on  a  local  datum  identical  to  that  used  for  the 
national  network  in  that  State. 

The  sparseness  of  the  stations,  compounded  with  the  general  indifference  of 
the  surveyors  of  the  period  to  any  type  of  advance  survey  practices,  restricted  use 
of  the  network.  Where  possible,  the  control  was  used  for  national  mapping 
projects.  However,  for  many  years  a  large  number  of  the  topographic  maps  and 
nautical  charts  were  based  on  independent  astronomic  datums.  Except  for 
extremely  rare  instances,  few  practicing  surveyors  used  the  national  net.  There 
were  occasions  where  surveys  for  large  mining  tracts  and  engineering  projects, 
such  as  reservoirs,  dams,  and  the  like,  were  connected  to  the  NAD,  but  in  general 
these  were  isolated  cases.  In  retrospect,  it  was  probably  best  that  the  NAD  was 
not  extensively  used  by  private  interests,  because  the  readjustment  which  created 
the  North  American  1927  Datum  (NAD27)  would  have  posed  problems  quite  similar 
to  those  which  must  be  faced  today. 

North  American  1927  Datum 

This  great  computational  effort,  which  was  not  completed  until  about  1931, 
produced  a  primary  framework,  representative  of  the  best  one  could  expect  from 
the  available  observational  data.  When  all  matters  are  considered,  the  basic 
concept  of  the  Bowie  method  of  adjustment  was  fundamentally  sound.  Today, 
however,  one  might  criticize  the  weighting  practices  used.  The  network  as  it 
existed  in  1931  is  shown  in  figure  1.  It  is  easily  seen  that,  except  for  a  fortunate 
few  surveyors  the  horizontal  control  was  too  widely  spread  to  be  useful. 

With  the  completion  of  the  basic  framework  of  the  NAD27,  the  United  States 
entered  a  great  period  in  the  establishment  of  geodetic  control.  Between  1931  and 
1977,  the  number  of  stations  positioned  increased  20  fold  or  more,  as  is  shown  in 
figure  2.  Although,  at  this  date,  much  work  remains  unfinished,  it  appears  that 
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FIGURE  1. — The  national  geodetic  horizontal  control  system  in  1931. 


FIGURE  2. — Status  of  national  geodetic  horizontal  control  as  of  October  1977. 
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with  modern  positioning  systems  and  radio  interferometry  the  effort  will  be  less 
arduous  than  in  the  past. 

In  the  1930's  and  the  succeeding  3  decades,  few  surveyors  had  opportunities 
to  become  acquainted  with  the  data  published  for  the  horizontal  control  net.  Most 
were  not  equipped  to  carry  surveys  any  appreciable  distances.  Early  during  this 
period,  some  were  not  even  aware  that  simple-to-use  plane  coordinate  systems  had 
been  developed  for  each  State.  These  coordinate  systems,  which  are  in  effect 
adaptations  of  the  latitude  and  departure  methods  used  for  centuries,  had  difficulty 
gaining  acceptance.  It  is  true,  though,  that  there  were  many  enlightened  individuals 
who  immediately  adopted  the  systems  and  had  sufficient  influence  to  have  laws 
passed  by  their  State  legislatures  which  permitted  their  use  in  property  descrip- 
tions. 

The  fact  remains,  however,  even  at  this  late  date  (1978),  13  States  still  have 
not  legally  adopted  the  State  plane  coordinate  systems  (SPCS).  Surprisingly,  some 
of  these  States  are  among  the  most  progressive  and  highly  developed  economically, 
where  one  would  surmise  that  the  advantages  of  the  SPCS  would  be  easily 
recognizable. 

By  1965  numerous  surveyors  were  equipped  with  1-second  theodolites  and 
EDMI  and  began  to  use  State  plane  coordinates  on  an  increasing  scale. 
Disillusionment  soon  arose  when  on  occasion  expected  closures  did  not  materialize 
owing  to  serious  distortions  in  the  network  amounting  to  as  much  as  1  m  in  15  km. 
In  addition,  revised  coordinates  for  many  stations  were  constantly  being  issued,  as 
older  surveys  were  readjusted  in  order  to  obtain  a  better  fit  for  new  work.  This 
intolerable  situation  actually  began  shortly  after  the  completion  of  the  NAD27  and 
became  progressively  worse  as  new  surveys  were  added.  Needless  to  say,  many 
surveyors  simply  refused  to  distort  their  work  to  fit  the  published  network  data, 
with  the  result  numerous  excellent  surveys  were  not  coordinated  except  to  a  local 
system  or  left  hanging.  Others  revised  the  published  coordinates  to  agree  with 
their  data  or  devised  survey  and  computational  practices  which  often  led  to  serious 
problems  when  adjoining  surveys  were  carried  out. 

The  NGS  was  well  aware  of  the  problems  which  developed  in  the  network  by 
1940.  Little  was  done  when  the  problems  became  unmanageable,  except  to 
readjust  portions  of  the  net.  These  were  expedient  solutions  which  rarely,  if  ever, 
actually  resolved  the  problems.  The  distortions  were  simply  distributed  over  wider 
areas,  only  to  appear  again  as  new  work  was  added.  Complaints  received  from  the 
users  were  limited  and  usually  related  to  the  issuance  of  new  coordinates  at  what 
must  have  seemed  increasingly  frequent  intervals,  particularly  in  some  sections  of 
the  country.  While  large  segments  of  the  network  were  badly  constrained,  few 
surveyors  of  the  1930-60  era  had  the  equipment  or  employed  methodology  which 
would  have  made  these  constraints  obvious. 

Now,  however,  with  the  use  of  modern  theodolites  and  EDMI  at  almost  every 
level  of  the  profession,  a  day  seldom  passes  when  we  are  not  advised  that  closure 
difficulties  have  been  encountered.  As  a  rule,  the  problems  are  due  to  distortion 
within  the  network,  and  normally  nothing  is  done  because  of  the  large  effort 
generally  involved  to  rectify  the  situation.  There  are  occasions  even  now  with  the 
redefinition  work  in  full  progress,  that  measures  must  be  taken  to  clear  up  a 
particular  problem.  Fortunately,  some  solution  is  usually  found  to  satisfy  the  users 
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without  making  any  large  efforts.  However,  one  is  often  left  with  two  distinct 
impressions.  One,  a  sense  of  a  lack  of  confidence  in  the  network  by  the  users;  and 
two,  the  resulting  and  often  obvious  discouragement  expressed  when  notified  that 
due  to  present  circumstances  little  or  nothing  can  be  done.  It  is  seldom  helpful  to 
advise  them  that  the  new  adjustment  will  resolve  many,  if  not  all,  such  problems. 
Their  problems  are  now  and  not  in  1983. 

North  American  Datum  1983 

Users  of  network  data  are  increasing.  Within  the  next  decade,  the  national 
cadaster  should  be  in  the  beginning  stages.  The  need  for  higher  survey  accuracies 
at  all  levels  of  the  profession  is  certain  to  be  required.  In  the  light  of  these 
developments,  the  question  must  be  asked — Will  the  anticipated  relative  accura- 
cies of  the  coordinates  resulting  from  the  redefinition  meet  these  needs?  As  a 
general  rule,  it  is  expected  that  the  relative  accuracy  of  directly  connected 
principal  points  will  not  be  worse  than  1:100,000;  although  there  may  be  segments 
where  these  accuracies  may  approach  1:50,000  and,  in  extremely  rare  instances, 
perhaps  as  large  as  1:25,000.  From  an  overall  view,  it  seems  unlikely  that  higher 
accuracies  than  these  will  be  required  for  general  surveys.  In  retrospect,  30  years 
ago  few  people  thought  that  survey  accuracies  of  1:200,000  would  be  common- 
place, and  surveys  accomplished  to  accuracies  of  1  in  106  were  never  considered, 
except  on  an  extremely  limited  scale.  It  is  perhaps  best  to  leave  this  subject  at  this 
point  without  further  conjecture,  except  to  note  that  there  is  a  suspicion  that 
problems  inherent  to  datums  worldwide  will  eventually  arise  in  the  NAD83. 

Summary 

The  U.S.  surveyor  will  have  the  tools  and  the  knowledge  to  perform  surveys  to 
accuracies  which  are  difficult  to  imagine  today,  and  the  NAD83  will  be  the  frame 
to  which  these  surveys  will  be  referenced.  However,  one  can  only  guess  at  the 
lifetime  of  this  datum.  Finally,  the  thought  is  offered  that  the  NAD83  might  be  the 
last  of  the  conventional  type  datums.  Future  technology  will  dictate  whether  this  is 
correct. 
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Discussion 

Hicks:  What  costs  are  involved  in  the  maintenance  of  the  national  network? 

Dracup:  I  cannot  quote  you  exact  figures,  but  the  expense  of  the  mark  maintenance  program  in  the 
United  States  is  considerable.  We  have  15  people  assigned  to  selected  regions.  Each  person  is 
responsible  for  about  60,000  station  monuments  and  an  unknown  number  of  bench  marks.  Each  site 
should  be  visited  once  every  10  years,  which  is  obviously  an  impossible  task.  Vandalism  can  be  a  major 
problem.  I  believe  the  greatest  offender  is  the  bulldozer  operator.  Some  local  areas  have  overcome  this 
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problem  by  passing  ordinances  that  require  construction  companies  to  place  $1,000  in  escrow  for  each 
survey  monument  located  within  the  construction  area.  You  will  be  surprised  to  know  that  nothing 
happens  to  these  marks. 

Moritz:  Why  was  Hayford's  ellipsoid  not  used  in  the  1927  adjustment? 

Dracup:  Among  several  considerations,  tables  were  not  available  to  compute  geographic  positions  until 
about  1928  and,  initially,  the  adjustment  was  intended  for  scientific  use. 

Whitten:  Bowie  recognized  the  computational  advantages  of  retaining  the  1866  ellipsoid  for  the  1927 
adjustment.  Many  of  the  computations  made  earlier  were  reused.  Meade's  Ranch  was  held  fixed  and 
did  not  change  from  the  North  American  Datum  to  the  1927  Datum.  When  you  review  the  old  records, 
you  find  computations  of  geographic  positions  that  were  made  prior  to  1927.  These  same  values, 
sometimes  with  existing  errors,  were  carried  forward  into  the  1927  Datum.  The  evidence  is  in  the  old 
cahiers.  Bowie  made  the  point,  "Why  bother  to  recompute  it.*"  Many  of  the  supplemental  points  were 
transferred  in  this  same  way  without  going  through  the  labor  of  recomputing  the  geographic  positions. 
The  geographic  positions  were  corrected  by  differences.  Also,  most  calculations  were  made  with  7-  or  8- 
place  logarithms. 
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Abstract:  The  quality,  stiffness,  of  geodetic  networks  depends  in  a  high 
degree  on  the  form  of  the  network,  on  the  density  of  their  points,  and  on 
the  accuracy  of  the  angular,  distance,  and  height  measurements.  The 
systematical  errors  are  unavoidable;  it  is  advisable  to  combine  in  networks 
different  methods.  A  mixture  of  different  types  of  systematical  errors 
creates  in  the  combined  network  errors  of  pseudosystematic  character. 

A  method  is  outlined  for  the  simultaneous  determination  of  the  inner 
and  outer  accuracy  of  geodetic  networks. 

In  the  course  of  the  planning  of  geodetic  networks,  the  process 
regulation  of  the  corresponding  measurements  is  discussed  (local  adjust- 
ment), together  with  the  processing  and  evaluation  of  the  measured  data. 
The  flow  model  and  determination  of  the  filters  necessary  for  the 
computations  with  examples  are  given  (using  the  information  theory  and 
Kirchhoff  s  laws).  With  this  method,  the  computation  work  connected 
with  the  planning,  flow  control,  and  adjustment  of  the  measurements  can 
be  considerably  reduced  and  the  problem  can  be  solved  on  small  *lesk 
calculators. 

Construction  and  Densification  of  Geodetic  Networks 

Generally  static  and  dynamic  geodetic  networks  can  be  distinguished.  In  the 
first  case,  the  coordinates  of  the  network  points  are  supposed  to  be  constant 
(national  basic  networks).  In  the  latter  case,  the  spatial  position  of  the  points  may 
change  (networks  for  the  study  of  local  movements,  geodynamic  networks).  To 
decide  whether  the  coordinates  of  the  points  are  unchanged  or  movements  must  be 
supposed  both  in  the  horizontal  and  vertical  directions,  the  well-known  Fisher  test 
is  to  be  applied.  The  necessary  decision  is  based  on  the  determination  of  the 
probability  of  type  one  and  type  two  errors.  Taking  into  account  the  risk,  it  is  less 
dangerous  to  suppose  small  movements  when  they  are  nonexistent  than  to  exclude 
the  possibility  of  the  movement  if  it  exists.  In  both  cases,  great  care  must  be  taken 
when  chosing  instruments  and  measurement  technologies  that  regular  errors 
should  be  the  smallest  possible  (Halmos  and  Kadar  1976).  The  smaller  the 
movements  to  be  determined,  the  higher  the  accuracy  to  be  reached,  the  greater 
care  must  be  taken  for  the  planning  of  the  measurements,  for  optimization,  for  the 
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choice  of  the  time  interval  between  measurements  and,   not  the  least,  for  the 
choice  of  the  computation  method. 

The  quality,  stiffness,  of  geodetic  networks  depends  in  a  high  degree  on  the 
form  of  the  network,  on  the  density  of  their  points  and  on  the  accuracy  of  the 
angular,  distance,  and  height  measurements.  It  depends  also  on  the  density  and 
accuracy  of  certain  control  data,  such  as  orientations  by  astronomical  azimuth 
measurements,  distance  measurements  by  high-precision  distance  meters,  astro- 
geodetic  position  determinations,  azimuths,  distance,  and  coordinates  deduced 
from  satellite  observations  (e.g.,  Doppler  measurements).  Even  in  the  case  of  high- 
precision  angular  and  distance  measurements,  if  very  great  distances  (e.g.,  250 
km)  are  connected  by  triangulation,  the  random  errors  can  cause  point  errors  of 
±  0.5  to  0.7  m.  An  even  greater  problem  than  that  of  the  random  errors  is  that  of 
the  presence  of  systematical  errors.  Thus,  e.g.,  with  a  systematical  error  of  0.1 
mm/km  of  the  distance  meter,  a  systematical  coordinate  error  of  0.3  to  0.4  m 
results  in  a  distance  of  250  km  with  30-km  long  legs. 

Up  to  now,  the  main  methods  for  the  stiffening  of  triangulation  networks  are 
the  astronomic  position  determination  and  the  measurement  of  base  lines. 
Curiously,  the  basic  form  remained  here  the  triangle,  although  the  stiffened 
diametric  quadrangle  is  much  more  advantageous  from  the  point  of  view  of  error 
propagation.  (See  figure  1.)  This  could  be  partly  due  to  somewhat  higher  demands 
in  the  construction  of  the  network  (e.g.,  to  ensure  sight  between  points),  but  more 
likely  it  is  the  result  of  the  earlier  adjustment  method  with  direct  observations  with 
conditions.  With  computers,  the  only  economical  adjustment  method  is  that  of 
indirect  observations,  thus  the  mentioned  advantage  is  no  more  effective.  It  should 
not  be  forgotten,  however,  that  the  number  of  equations  to  be  solved  is  rather  high 
both  in  basic  networks  and  in  complementary  fillouts.  This  can  be  in  certain  cases 
higher  than  the  capacity  of  the  computer  at  one's  disposal;  further  it  can  cause  a 
most  unfavourable  accumulation  of  rounding  errors  (Bartelme  and  Meissl  1975). 

At  present  control  points  can  be  already  advantageously  deduced  in  geodetic 
networks  from  Doppler  satellite  observations  (Halmos  1975;  Brown  1976;  Dracup 
1977).  The  problem  is  how  to  distribute  them.  According  to  our  own  investigations, 
the  control  points  should  encircle  the  network  to  be  filled  out  if  only  random  errors 
are  supposed  (as  in  case  of  the  photogrammetric  block  adjustment,  see  figure  2). 
The  stiffening  of  the  network  with  a  frame  within  its  limits  will  counteract 
degradation,  due  to  systematical  errors.  The  most  advantageous  case  is  if  the 
points  to  stiffen  the  network  are  uniformly  distributed  on  the  whole  surface  of  the 
network.  (See  figure  3.) 

Taking  into  account  that  systematical  errors  are  unavoidable,  it  is  advisable  to 
combine  in  networks  different  measurement  methods  (angular  measurements, 
distance  measurements,  astronomical  position  determinations,  satellite  geodesy).  It 
can  be  supposed  that  a  mixture  of  different  type  systematical  errors  creates  in  the 
combined  network  errors  of  pseudosystematic  character.  Studies  of  networks 
based  purely  on  random  errors  yield  too  optimistic  opinions  about  them. 

According  to  our  investigations  made  on  schematic  networks,  the  accuracy  of 
distance  measurements  is  superior  to  that  of  angular  measurements.  Due  to  the 
systematical  errors,  a  combination  of  both  results  in  an  optimum  solution. 

An  accumulation  of  random  and  systematical  errors  produces  rather  significant 
azimuthal  distortions,  e.g.,  in  second-order  network  fill-outs.  It  has  been  shown 
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Figure  1. 

(Joo  1966)  that  in  Hungary  second-order  directions  have  often  torsions  of  6"  to  8". 
For  the  determination  of  these  errors,  and  for  the  measurement  of  control 
directions,  the  latest  type  gyrotheodolites  (Halmos  1968;  Gregerson  1971)  can  be 
used.  From  among  the  new  types  introduced  since  these  papers,  the  automatized 
instrument  MOM  Gi-B21  (produced  since  1972)  (Halmos,  1977),  further  the 
instrument  GYMO  Gi-BIA  being  a  common  development  of  the  firms  MOM  and 
Tellurometer  (Gregerson  1977)  (Photo.  1)  should  be  mentioned.  Both  instruments 
enable  a  determination  of  the  azimuths  with  a  single  measurement  with  an 
accuracy  better  than  ±  2".  If  two  or  three  repetitions  are  used  at  each  station, 
then  azimuths  of  an  accuracy  corresponding  to  second-order  networks  can  be 
quickly  obtained  (table  1). 


Inner  and  Outer  Accuracy  of  Geodetic  Networks 

For  an  evaluation  of  the  inner  accuracy  of  networks,  the  so-called  free 
adjustment  is  used  (Meissl  1969;  Mittermayer  1972;  Blaha  1971;  Wolf  1973,  Koch 
1978;  Verone  1973;  Pelzer  1974;  Mueller  et  al.   1975).  The  result  of  a  free,  i.e., 
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Figure  2. 


restriction-free  adjustment  of  a  network  coincides  with  the  result  of  a  traditional 
adjustment  where  the  origin  of  the  coordinates  is  the  gravity  centre  of  the 
preliminary  coordinates  of  the  points,  and  the  orientation  is  the  weighted 
orientation  of  all  directions.  Such  an  adjustment  yields  a  minimum  variance- 
covariance  matrix  which  is  a  function  of  the  accuracy  of  the  measurements 
between  the  points  of  the  network  and  of  the  form  of  the  network.  Let  us  suppose 
that  the  network  is  adjusted  in  the  traditional  way  (given  origin  and  orientation). 
The  adjusted  coordinates  x  and  the  variance-covariance  matrix  Q x  are  thus  known. 
The  transformation  equation  between  the  traditional  adjustment  and  the  free 
adjustment  (x)  is  the  following: 


+  Kt 


(1) 
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Figure  3. 


where  K  -  s  are  the  transformation  coefficients,  and  t  -  s  the  transformation 
parameters.  Supposing  xTx  =  min,  one  has 


t  =  -flCK)-1^* 


(2) 


According  to  equation  1 

K  (KTK)lKTx  =(E>K  <JL*K)—l!F)x  =  (E  -  Ox  (3) 


X  =  x 
with  E  unit  matrix  and 


G  =  K(KTK)~lKT 


(3a) 
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PHOTO  1. — Gyro  theodolite. 
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Using  the  law  of  error  propagation  one  gets: 

Qj=(E  -  G)QAE  -  Gf  =  Q,-(GQX  +  QXGT  -  GQXGT)  (4) 

Thus,  the  inner  and  outer  accuracy  of  the  network  can  be  simultaneously 
given.  It  should  be  remarked  that  if  the  dimension  of  the  network  is  increased, 
(e.g.,  by  adding  observations  of  new  points),  the  minimum  variance-covariance 
matrix  changes,  too. 

Densification  of  Geodetic  Networks 

Geodetic  networks  are  positional  informations  about  points,  point  groups, 
network  fill-outs  and  independent  networks.  This  is  carried  out,  e.g.,  if  national 
second-,  third-,  etc.,  order  networks  are  constructed,  or  even  when  developing  the 
geodetic  basic  network  of  a  country.  In  the  course  of  the  planning  of  geodetic 
networks,  the  process-regulation  of  the  corresponding  measurements  is  discussed, 
together  with  the  processing  and  evaluation  of  the  measured  data.  In  such  cases 
the  basic  laws  of  flow  (Ohm's  and  Kirchhoff  s  laws)  deduced  for  transport  networks 
can  be  used  (independently  from  what  is  transported,  electric  energy,  signal  codes, 
goods,  or  just  geodetic  information).  Although  recent  programmable  computers  can 
store  and  handle  great  amounts  of  data  or  measurement  results,  even  this 
possibility  is  limited  from  many  respects,  and  owing  to  an  immense  increase  of  the 
quantity  of  operations,  rounding  errors  may  also  increase  significantly  (Bartelme 
and  Meissl  1975).  It  is  further  well  known  that  the  least-squares  method 
necessitates  the  computation  of  many  data  for  the  normal  matrix  and  its  solution 
which  are  otherwise  basically  unnecessary.  The  effective  range  of  a  measurement 
done  for  the  determination  of  a  point  is  very  small;  it  hardly  reaches  the  third  or 
fourth  neighbourhood  depending  on  the  accuracy  of  the  computations. 

Information  here  are  the  coordinates  of  the  given  points  and  measured  data. 
The  flow  model  based  on  the  information  theory  enables  one  to  find  solutions 
where  only  the  data  and  measurement  results  belonging  to  a  so-called  information 
gathering  area  in  the  vicinity  of  the  point  are  taken  into  account  for  the 
determination  of  the  coordinates  of  an  unknown  point,  independently  of  the  results 
of  measurements  made  in  the  network,  the  number  of  the  points  in  the  network, 
and  the  quantity  of  the  measurements  made  between  them.  This  area  does  not 
depend  on  the  size  of  the  network,  but  only  on  the  accuracy  of  the  measurements 
and  on  the  accuracy  demand  for  the  results.  For  a  solution  of  the  computational 
problems,  small  programable  desk  or  pocket  calculators  can  be  used  even  in  case 
of  networks  of  very  great  dimensions  without  making  concessions  in  the  accuracy 
of  the  computed  values  in  respect  of  the  rigorous  adjustment.  This  idea  led  to  the 
theorem  of  the  local  adjustment  (Halmos  et  al.  1973;  Halmos  and  Kadar  1975). 

FLOW  MODEL  AND  DETERMINATION  OF  THE  FILTERS 
NECESSARY  FOR  THE  COMPUTATIONS 

Information  sources  are  the  given  points;  information  sinks  are  the  unknown 
points.  The  two  groups  of  points  are  interconnected  by  measurement  results  which 
are  called  channels.  If  a  new  point  is  not  to  be  determined,  it  is  called  a  transit 
point  and   it  transmits   measurement  results  to  the  information  sink  (i.e.,  to  an 
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Fig-4/l 


Fig.  4/2 


unknown  point).  The  graphs  of  information  flow  which  characterize  the  influence 
of  single  measurement  results  on  the  determination  of  the  unknowns  are  different 
(see  figure  4)  even  for  a  point  (sink)  which  is  based  on  the  same  measurement 
results  if  the  geometric  position  of  the  network  points  and  the  accuracy  of  the 
measurements  are  different  (in  figure  4,  full  dots  mean  given  points,  circles  transit 
points,  and  double  circles  unknown  points).  The  problem  is  here  one-dimensional, 
e.g.,  a  levelling  or  a  gravimetric  network.  In  the  present  case  it  is  used  as  a  model 
of  a  levelling  network.  The  unknown  to  be  determined  is  the  sum  of  the  products 
of  the  measurement  results  with  the  numbers  written  beside  the  lines  (filters).  The 
local  character  is  well  expressed  in  this  example:  if  one  tries  to  define  the 
information  gathering  area,  one  finds  that  measurement  results  being  farther  away 
from  the  unknown  point  have  less  and  less  influence  on  it.  Looking  at  the  graph  of 
information  flow  for  the  new  point,  it  is  found  that  it  receives  unit  information, 
while  the  other  new  points  have  a  neutral  character.  The  information  theory  does 
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not  study  error  accumulation,  but  information  loss.  The  multiplicators  of  the  filter 
matrix  show  just  this  information  loss. 

According  to  Ohm's  law,  a  flow  is  only  possible  if  between  the  geodetic  points 
a  potential  difference  exists.  This  is  the  result  of  the  measurement  errors.  They 
are  in  case  of  levelling  one-dimensional  ones,  in  case  of  horizontal  networks  two- 
dimensional  (horizontal  vectors),  in  case  of  spatial  networks  three-dimensional.  The 
conductivity  of  the  channel  is  represented  by  weights  of  the  measurements  in 
geodetic  networks  (resistivities).  The  current  density  or  branch  current  is  a 
quantitative  measure  of  the  information  flow  between  the  two  endpoints  of  the 
channel.  The  three  quantities  are  interrelated  by  Ohm's  law  (Wolf  1968): 

J  =P±Q  (5) 

where  J  is  the  branch  current,  the  weight  P  of  the  channel  is  the  trasnmittance, 
and  A()  the  potential  difference  in  the  channel  being  equal  to  the  difference  of  the 
variance-covariance  of  the  two  endpoints  {ij)  (AQ  u  =  Q ,  -  Q jf  being  a  one-  or 
multidimensional  quantity). 

KirchhofPs  two  laws  (being  equivalent  with  the  adjustment  of  indirect 
observations  and  with  the  conditional  adjustment,  respectively)  are  used  not 
separately,  but  together. 

Let  us  depart  from  the  formula  of  the  filter  according  to  the  indirect 
observations: 

X  =  QATP(  =QL  (6) 

where  the  following  equation  holds: 

ATPA(ATPA)1  =NQ  =E  (7) 

Equation  7  is  equivalent  with  Kirchhoff  s  law  for  a  nodal  point.  N  is  the 
reciprocal  of  the  resistance  of  the  nodal  point,  Q  is  the  matrix  of  the  potentials, 
and  E  that  of  the  nodal  currents.  If  the  product  in  equation  7  is  written  in  all 
details,  it  becomes  clear  that  the  element  Nfj  of  the  matrix  of  the  normal  equation, 
corresponding  to  measurements  made  between  the  points  P{  and  Pj  is  to  be 
multiplied  with  the  corresponding  difference  (Qk  —  Qk  )  of  the  covariance  matrices 
in  order  to  get  the  branch  current  between  points  P-,  and  Jj  .  The  index  k  refers  to 
the  unknown  point  (sink).  If  all  measured  elements  are  to  be  taken  into  account  in 
case  of  the  /c-th  point: 

Ar  PTr(Qik  -  Qjk)  =  AT  (PTr  &Qk)  =  Ei  (8) 

where  the  equal  elements  of  the  transformation  matrix  Tr  (different  in  sign  however 
from  matrix  A),  are  only  once  written  out,  namely  in  the  main  diagonal  with 
positive  sign  (hypermatrix).  The  triple  product  in  the  inner  bracket  expresses 
Ohm's  law  corresponding  to  the  number  of  measurements,  n  {P  is  the  conductance, 
AQk  the  potential  difference,  and  T r  A(?  k  the  transformed  branch  potential,  where 
the  transformation  expresses  the  connection  of  the  values  AQk  in  the  coordinate 
system  A',  Y  and  of  those  transformed  into  the  measurement  system^',  Y\  A@'fc). 
The  triple  product  expresses  the  branch  current  in  form  of  a  column  vector.  If  a 
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combined  network  with  both  angular  and  distance  measurements  is  being  adjusted, 
the  corresponding  elements  of  the  projector  matrix  AT  and  therefore  those  of  the 
triple  product  remain  unchanged  after  the  multiplication.  According  to  equation  8 
the  sum  of  the  products  is  unit  for  the  i-th  point  chosen  as  a  sink,  all  other  points 
are  in  this  case  transit  points;  therefore,  they  transmit  the  information,  and  the 
sum  of  the  products  is  zero.  All  informations  flow  into  the  new  point,  i.e.,  into  the 
sink;  that  is  how  Kirchhoffs  nodal  law  gets  valid. 

The  normal  equation  system  of  a  planar  or  spatial  coordinate  adjustment 
corresponds  to  nodal  laws  whose  number  is  equal  to  the  number  of  unknowns,  m. 

The  formulas  corresponding  to  Kirchhoffs  loop  law  can  be  obtained  from  the 
conditional  equations  referring  to  the  same  network.  Let  their  number  be  (n—  m), 
where  n  is  the  total  number  of  measurements  and  m  the  number  of  unknowns.  If 
the  equality 


(4)T  =  PAQ 


(9) 


is  introduced  into  equation  6,  then  the  two  kinds'of  laws  yield  the  following: 


m 


<M 


n-m  {[BP~l] 


m 


m 


PAQ 


n  = 


m 


E 

[O  ]}n-m 


(10) 


The  first  part  is  identical  with  equation  8,  while  the  second  expresses  in  a  matrix 
form 

BAQ  =  O  (11) 

Kirchhoffs  loop  law.  Here  B  is  the  coefficient  matrix  of  the  system  of  conditional 
equations,  expressing  the  same  selection  rule  as  the  matrix /P  in  case  of  the  nodal 
law.  Similarly  to  equation  8  it  can  be  written: 


BTrWk  =  0 


(12) 


The  selective  role  of  the  matrix  B  refers  not  to  the  branch  currents,  but  to  the 
polygonial  branch  potential  differences. 

Such  an  application  of  the  filter  techniques  ensures  advantages  which  are 
superior  to  the  possibilities  of  the  adjustment  methods. 

As  the  computational  formulas  can  be  given  for  each  point,  the  method  can  be 
used  on  small  computers,  too.  The  rounding  errors  due  to  the  common  solution  of 
a  great  number  of  equations  are  also  absent.  The  filter  coefficients  can  be 
computed  before  the  measurements,  and  they  show  the  effect  of  a  measurement 
on  the  unknown,  or  they  enable  the  determination  of  the  effective  area  of  any 
measurement.  The  filter  matrix  corresponds  practically  to  the  branch  current 
matrix,  i.e.,  to  Kirchhoffs  nodal  law.  If  the  graph  of  the  information  propagation  is 
constructed,  then  it  shows  the  effect  of  a  single  measurement  result  according  to 
the  topological  structure  of  the  network.  Among  filters,  vertex  filters  (e.g.,  to  the 
unknown  point),  edge  filters  (e.g.,  for  any  measurement  line),  surface  filters  (e.g., 
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polygonial  closures)  and  sequential  filters  (when  additional  measurements  are 
added  to  the  original  network)  can  be  distinguished  (Halmos  et  al.  1973).  The  last 
can  be  used  without  repetition  of  the  complete  adjustment,  i.e.,  on  small  (desk) 
calculators. 

EXPERIMENTAL  COMPUTATIONS  IN  CONNECTION  WITH  THE 

LOCAL  ADJUSTMENT 

The  fact  that  results  of  measurements  lying  farther  away  from  the  unknown 
point  have  less  and  less,  mostly  negligible  effect  on  the  unknowns  to  be 
determined,  enables  to  reduce  considerably  the  computational  and  measurement 
work.  If  the  flow  graph  has  been  determined  for  any  point  of  the  network,  then  the 
most  simple  way  is  to  chose  as  next  unknown  the  data  of  an  adjacent  point.  In 
such  a  case  one  has  to  add  a  complementary  nodal  law  for  the  first  new  point. 
That  means  in  most  cases  that  the  elements  of  the  original  graph  are  to  be 
multiplied  by  a  constant  factor,  i.e.,  most  data  remain  unchanged  (See  figure  4). 
Thus  the  graphs  representing  all  unknowns  have  many  similarities. 

Having  determined  the  edge  filters  of  the  first  new  point,  and  taking  the 
branch  current  of  a  channel  departing  from  one  of  the  given  points,  a  multiple  use 
of  Ohm's  law  enables  one  to  reach  the  aim  in  knowledge  of  the  weights  of  the 
measurements  until  all  immediate  measurements  referring  to  the  new  point  are 
taken  into  account.  Then  the  nodal  law  is  constructed  for  the  new  point  whence 
the  branch  current  between  this  new  point  and  the  single  other  new  point  is  equal 
to  the  sum  of  the  branch  currents  of  all  other  lines.  If  there  are  connections  with 
more  new  points,  then  their  branch  currents  are  taken  as  unknowns,  and  they  are 
determined  taking  into  account  the  conditions.  Thus,  e.g.,  a  network  containing 
400  unknowns  could  be  solved  with  9  unknowns. 

On  the  basis  of  the  two  kinds  of  Kirchhoff  s  laws  appearing  in  the  matrix 
operations  of  equation  10,  the  filter  matrix  can  be  easily  found.  By 
introducing  F  -  QA'P,  the  role  of  the  matrix  A  T  in  the  matrix  product  ATF  =  E  is 
to  show  how  the  branch  currents  in  F  are  to  be  summed  in  order  to  reach  the 
validity  of  the  nodal  law.  The  matrix  B  in  equation  10  has  the  same  role  for  the 
validity  of  Kirchhoff  s  loop  law.  One  row  of  the  matrix  F  is  illustrated  by  the  graph 
of  figure  4.  The  signs  of  the  numbers  are  shown  by  the  directions  of  the  arrows.  In 
case  of  six  new  points,  six  such  graphs  can  be  drawn.  In  knowledge  of  A,  B,  and 
P,  the  elements  of  the  matrix  F  can  be  computed  according  to  the  two  kinds  of 
Kirchhoff  s  laws.  The  effective  distances  are  also  represented  in  figure  4. 

Let  us  present  here  the  result  of  the  study  of  an  experimental  triangular 
network.  Taking  into  account  that  any  direction  connecting  two  new  points 
contains  four  unknowns,  one  has  to  produce  information  flow  on  a  four-element 
channel.  In  figure  5,  the  new  points  are  1,  2,  3,  4,  and  5,  the  given  points  6,  7,  8, 
9,  10,  and  11  (Mizsei  1975).  On  the  basis  of  Kirchhoff  s  nodal  law,  the  graph  for 
the  determination  of  point  5  is  that  in  figure  6.  A  splitting  of  the  graph  into  outer 
(A)  and  inner  (/)  directions  and  distance  measurements  (E)  is  shown  in  figure  7. 
Figure  8  shows  the  branch  flow  graph  for  the  determination  of  the  coordinates  X, 
Y  of  point  4  (the  nominator  belongs  to  X,  the  denominator  to  Y).  The  correction- 
equation  like  filter  of  the  coordinate  changes  dx  and  dy  is  shown  in  figure  9. 
Allowing  for  an  error  effect  of  ±  1  cm  for  1  km  both  in  direction  and  distance 
measurements,  the  coordinates  of  point  4  are  influenced  by  more  than  1  mm  only 
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Figure  6. — Junction  point  law  for  point  5. 
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FIGURE  8. — Graph  of  information  stream  in  point  4  (numerator  =  X,  denominator  =  Y). 


by    15   measurements   next    to   this    point,    while   the   effect   of  the   other    19 
measurements  is  considerably  less  (see  figure  10)  (Mizsei  1975). 

Finally  we  present  results  in  a  network  of  endless  extension,  consisting  of 
equilateral  triangles,  including  both  simulated  distance  and  angular  measurements. 
Figure  11  shows  the  edge  filters  corresponding  to  the  sink  No.  59  (the  upper 
number  refers  to  the  coordinate  Y,  the  lower  to  A').  It  is  clear  that  the  first-order 
neighbours  have  considerable  effect,  but  the  effect  of  second-order  neighbours  can 
already  be  neglected  in  many  cases.  The  value  of  the  filter  elements  decreases  by 
an  order  of  magnitude  if  one  proceeds  to  the  next  ring.  Supposing  points  35,  48, 
72,  83,  69,  and  45  as  given,  one  gets  sequentially  for  the  point  59  the  filter  matrix 
represented  in  figure  12  (Halmos  et  al.  1973). 
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Conclusion 

The  investigations  presented  liere  prove  that  the  flow  graphs  based  on  up-to- 
date  information  theory,  already  used  in  other  areas  of  science  with  success 
(Szendy  1967)  enable  the  computation  work  connected  with  the  planning,  flow 
control,  and  adjustment  of  the  measurements  to  be  considerably  reduced;  the 
problem  can  be  solved  on  small  desk  calculators. 
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Abstract:  In  conjunction  with  the  new  adjustment  of  the  North  Ameri- 
can Datum,  the  National  Geodetic  Survey  has  a  requirement  to  provide 
State  and  local  agencies  with  geodetic  control  in  selected  urban  areas  at 
a  spacing  of  1  to  2  km.  This  densification  can  be  accomplished 
photogrammetrically  at  less  than  half  the  cost  of  conventional  traverse. 
However,  in  order  to  obtain  geodetic  accuracy,  new  improved  photogram- 
metric  equipment  and  techniques  were  necessary.  All  ground  points  are 
marked  with  targets,  and  a  special  lens  designed  for  maximum  resolution 
of  the  targets  is  used.  A  focal  plane  reseau  is  used  to  minimize  film 
distortion  errors,  and  both  forward  and  side  overlap  of  67  percent  is 
maintained  to  provide  nine  intersections  of  each  point.  To  satisfy  the 
needs  of  the  land  surveyor,  the  distance  and  azimuth  between  all  pairs  of 
intervisible  points  are  computed  in  addition  to  their  geodetic  positions. 
Computation  of  the  standard  errors  associated  with  these  additional 
parameters  has  required  the  development  of  an  adjustment  program 
specifically  tailored  to  densification.  An  operational  test  of  the  system  has 
shown  that  an  accuracy  approaching  1/100,000  of  the  flying  height  can  be 
obtained. 

Introduction 

The  New  Adjustment  of  the  North  American  Datum  and  the  requisite 
computerized  data  bank  are  a  major  step  forward  in  the  creation  of  a  unified 
system  of  land  survey  coordinates  for  the  United  States.  Ultimately,  the  land 
surveys  performed  by  State  and  municipal  agencies  must  be  integrated  into  the 
system.  To  accomplish  this,  an  urgent  need  exists  to  densify  present  control 
networks.  In  urban  areas,  where  the  first  effort  must  be  concentrated,  the  spacing 
of  existing  control  of  10  to  15  km  is  hopelessly  inadequate.  Therefore,  the  National 
Geodetic  Survey  (NGS)  of  the  National  Ocean  Survey  will  undertake  the  task  of 
providing  geodetic  control  in  urban  areas  at  a  spacing  of  1  to  2  km. 

The  cost  of  accomplishing  this  densification  by  conventional  means  ($6,000  for 
a  triangulation  station  when  adjustment,  publication,  and  overhead  are  included)  is 
clearly  prohibitive,  so  NGS  has  selected  photogrammetry  as  a  cost-effective 
alternative.  Historically,  geodesists  have  considered  photogrammetry  to  be  a  tool 
of  the  mapmaker,  incapable  of  achieving  the  accuracy  required  for  geodetic  work, 
but  through  the  use  of  some  unconventional  techniques  in  both  data  collection  and 
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data  handling,  it  appears  that  this  deficiency  can  be  eliminated.  Computer 
simulations  have  provided  a  precision  estimate  of  1/100,000  of  flying  height 
(photogrammetric  precision  being  a  function  of  flying  height  rather  than  line 
length),  and  this  is  more  than  adequate  for  most  urban  control  densification.  More 
importantly,  an  operational  test  has  shown  that  accuracies  of  this  order  are 
obtainable  at  a  cost  less  than  half  that  of  conventional  traverse. 

Data  Acquisition 

Before  a  photogrammetric  mission  is  flown,  extensive  field  work  has  to  be 
accomplished.  All  ground  points  must  be  monumented,  and  in  many  instances 
additional  ground  control  will  have  to  be  established.  Each  ground  point,  both  new 
and  existing  control,  will  be  marked  with  a  photo-visible  target  consisting  of  an  8-ft 
square  piece  of  black  tar  paper  as  background  for  a  30-in  diameter  blaze  orange 
plastic  disk.  Targets  will  be  placed  on  each  ground  point  just  before  the  mission  is 
flown  in  order  to  minimize  loss  due  to  vandalism,  and  will  be  collected  immediately 
afterward. 

The  camera  for  the  mission  consists  of  a  modified  Wild  Universal  Aviogon  II 
lens  cone  with  15  cm  (6  in)  focal  length  and  a  maximum  aperture  of  f/4.0.  Wild  has 
modified  this  lens  at  the  request  of  NGS  to  provide  optimum  resolution  and 
distortion  in  a  narrow  spectral  band  between  580  and  625  nm.  All  radii,  lens 
component  thicknesses,  and  some  of  the  types  of  glass  were  changed.  Outside  this 
band,  resolution  is  rather  poor  as  a  consequence  of  this  modification,  but  sharp 
definition  of  the  bright  orange  targets  and  minimization  of  color-related  distortion 
variation  are  of  primary  importance.  Photography  taken  with  this  lens  is  unusable 
for  mapping,  but  for  the  control  densification  problem  we  have  a  close  analogy  to 
the  laboratory  technique  of  using  a  monochomatic  light  source. 

The  lens  cone  is  equipped  with  a  2  by  2  cm  projected  reseau  which  provides 
a  means  for  removing  the  effects  of  film  deformation  that  invariably  takes  place 
between  the  instant  of  exposure  and  the  time  the  film  is  measured.  The  reseau 
camera,  a  practical  alternative  to  using  glass  plates  as  the  carrier  for  the 
photographic  emulsion,  has  been  popular  in  Europe  for  some  time,  but  has  had 
only  limited  use  by  American  photogrammetrists. 

A  Wild  RC-10  camera  body  with  9  by  9  in  format  will  be  used  with  this  lens 
cone  at  a  nominal  flying  height  of  12,000  ft  to  provide  photography  at  a  scale  of 
1:24,000.  Both  forward  overlap  and  side  overlap  will  be  67  percent  so  that  all 
targets  will  be  imaged  on  nine  photographs.  For  1-km  spacing,  each  photo  will 
image  about  36  targets. 

For  mensuration,  a  Mann  Automatic  Stellar  Comparator  will  be  used.  This 
device  is  computer  controlled  to  drive  the  measuring  stage  and  to  center 
automatically  on  symmetrical  images,  such  as  reseau  intersections  or  ground  point 
targets,  using  density  centroid  correlation.  The  final  pointing  will  be  made  by  the 
operator,  but  use  of  the  automatic  features  of  this  instrument  will  make  improved 
accuracy  possible  through  redundant  measurements,  without  excessive  labor  costs. 

Data  Reduction 

Any  photogrammetric  network  produces  a  normal  equation  matrix  which  may 
be  very  large,  but  is  always  very  sparse.  Figure  1  shows  a  block  diagram  of  the 
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matrix  resulting  from  a  block  of  36  photos  and  144  ground  points  in  the 
configuration  of  an  ideal  1-km  densification  problem.  The  ground  point  portion 
consists  of  3  by  3  submatrices  along  its  diagonal;  the  exposure  station  portion  has 
6  by  6  submatrices  along  its  diagonal,  and  the  only  nonzero,  off-diagonal  blocks  are 
connections  between  ground  points  and  exposure  stations.  Although  the  matrix 
shown  represents  a  very  small  number  of  photographs,  the  same  general  structure 
results  in  an  adjustment  of  any  size. 

The  natural  partitioning  of  the  matrix  by  parameter  type  suggests  the  use  of 
standard  formulas  for  inverting  a  partitioned  matrix.  Using  equation  (1),  shown  in 
figure  2,  the  ground  point  parameter  portion  A  can  be  eliminated  into  the  exposure 
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Figure  1. — Block  diagram  of  the  normal  equation  matrix  and  photo  coverage  of  a  small  theoretical  1- 
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FIGURE  2. — Theory  and  application  of  the  banded  matrix  inversion  algorithm. 


station  portion  C,  which  is  then  inverted  to  produce  M .  This  result  is  then  used  to 
compute  K,  the  covariance  matrix  of  the  ground  point  parameters,  from  equation 
(2).  This  process  requires  computer  storage  to  be  provided  for  at  least  the 
triangular  part  of  the  entire  matrix,  plus  temporary  storage  for  various  partial 
products,  and  produces  the  full  covariance  matrix  of  both  exposure  station 
parameters  and  ground  points. 

In  most  cases  the  photogrammetrist  is  interested  only  in  the  3  by  3  covariance 
matrix  associated  with  each  ground  point,  from  which  its  error  ellipsoid  can  be 
derived,  and  perhaps  the  6  by  6  covariance  matrix  associated  with  each  exposure 
station  for  analysis  and  quality  control.  All  other  elements  of  the  inverse  serve  no 
purpose,  unless  they  are  required  for  the  computation  of  the  covariance  matrices 
of  the  individual  ground  points  or  functions  of  the  ground  point  coordinates. 
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Equations  (3)  and  (4),  also  shown  in  figure  2,  provide  an  algorithm  for 
computing  the  covariance  matrices  of  the  individual  ground  points  that  is  very 
efficient  in  both  storage  and  computer  time.  Exploiting  the  fact  that  the  ground 
point  partition,  A,  is  diagonal  in  terms  of  3  by  3  submatrices,  the  ground  points 
can  be  processed  one  at  a  time.  First  the  normal  equation  contributions  of  ground 
point  i  are  computed.  These  are  (1)  A  h  the  3  by  3  contribution  to  the  ground  point 
partition,  (2)  Bh  a  set  of  3  by  6  matrices  that  contain  the  connections  between 
ground  point  i  and  the  parameters  of  each  photo  on  which  it  is  imaged,  and  (3)  C„ 
a  set  of  6  by  6  matrices  related  to  the  parameters  of  the  photos  on  which  point  i 
appears.  The  C,  are  accumulated  with  the  contributions  of  other  ground  points  to 
form  the  exposure  station  partition.  Next,  ground  point  i  is  eliminated.  A  t  is 
inverted,  and  the  product  BJAj^,  is  formed  and  subtracted  from  the  partially 
accumulated  exposure  station  partition.  Using  this  algorithm,  storage  need  be 
provided  for^„  Bh  and  that  portion  of  C  affected  by  ground  point  i.  This  storage 
is  then  reused  when  the  next  ground  point  is  processed.  Some  efficiency  is  gained 
by  processing  each  ground  point  (from  formation  of  the  partial  derivatives  through 
forward  elimination)  as  a  single  unit,  as  opposed  to  forming  all  normal  equation 
contributions  before  starting  the  elimination  process,  but  the  primary  advantage  is 
the  avoidance  of  storing  and  operating  on  large  blocks  of  zeros. 

While  it  is  not  necessary  to  provide  storage  for  portions  of  the  exposure  station 
partition  that  are  not  coupled  to  the  ground  point  being  processed,  it  is  most 
efficient  to  exploit  the  properties  that  the  partition  C  acquires  through  the 
elimination  of  ground  points.  Some  subset  of  ground  points  will  be  imaged  on 
photos  /  through  k;  another  subset  will  appear  on  2  through  k  +  1,  etc.,  providing 
that  the  parameters  have  been  properly  ordered.  As  shown  in  figure  2,  the 
exposure  station  partition  becomes  a  banded  matrix.  Therefore,  when  all  ground 
points  imaged  on  the  first  photo  have  been  eliminated,  the  accumulation  of  its 
normal  equation  contributions  will  be  complete  and  its  parameters  can  likewise  be 
eliminated  to  provide  storage  for  another  photo.  Hence,  only  the  triangular  part  of 
the  band  will  reside  in  core  at  any  one  time. 

When  all  ground  points  have  been  processed,  the  back  substitution  proceeds 
in  reverse  order  to  compute  those  elements  of  the  inverse  inside  the  band  and  the 
covariance  matrices  of  all  ground  points,  using  equation  (4). 

This  procedure  was  first  applied  to  the  photogrammetric  bundle  adjustment 
by  Brown  (1958)  and  has  been  in  wide  use  ever  since.  At  the  same  time  Brown 
showed  that  the  ordering  of  unknowns  that  produces  minimum  bandwidth  is 
obtained  by  numbering  the  photos  across  flight  strips  or,  if  side  overlap  is  equal  to 
forward  overlap,  across  the  short  dimension  of  a  rectangular  block.  For  A  strips  of 
M  photos  each,  assuming  67  percent  side  overlap  as  well  as  forward  overlap,  the 
bandwidth  will  be  2/V  -I-  3,  reckoned  in  6  by  6  submatrices.  Since  the  bandwidth  is 
a  function  of  N  alone,  the  number  of  photos  in  each,  strip  can  be  arbitrarily  large 
without  increasing  the  storage  required  for  an  adjustment.  Computing  time  will,  of 
course,  be  a  function  of  the  total  number  of  photos  and  ground  points. 

Figure  3  is  a  block  diagram  of  the  reduced  normal  equations  of  the  photo 
block  of  figure  1.  The  banded  matrix  of  exposure  station  parameters  is  apparent, 
and,  as  stated  above,  the  bandwidth,  B,  is  given  by  2/V  4-  3  where  A  is,  the  number 
of  strips.  The  number  of  multiplicative  operations  required  to  compute  the  ground 
point  covariance  matrices,  called  ^-factor,  is  also  stated.  These  two  quantities  (1) 
bandwidth,  which  determines  storage  requirement,  and  (2)  ^-factor,  which  is  an 
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FIGURE  3.  —  Standard  bundle  adjustment  procedure  applied  to  photo  block  of  figure  1.  (Standard  errors 
of  distances  and  azimuths  cannot  be  computed.) 


estimate   of  computing  time,    have   been    used    in   evaluating   some   nonstandard 
adjustment  techniques  that  are  required  in  the  densification  problem. 

The  standard  bundle  adjustment  provides  an  efficient  means  for  computing 
the  position  of  each  ground  point  and  the  covariance  matrix  of  that  position. 
However,  for  compatibility  with  the  NGS  data  bank  and  with  the  requirements  of 
the  user,  it  is  essential  to  have  the  distance  and  azimuth  between  all  pairs  of 
intervisible  ground  points.  These  geodetic  parameters  are  easily  computed  from 
the  position  data,  but  their  variances  depend  on  the  off-diagonal  covariance  terms 
between  the  two  points — some  of  the  inverse  blocks  whose  computation  has  been 
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so  cleverly  avoided  in  the  coventional  approach.  Obviously,  if  additional  covariance 
terms  must  be  computed,  computer  time  and  storage  will  increase.  Minimizing  this 
loss  in  efficiency  has  been  the  primary  goal  in  developing  a  program  for  control 
densification. 

The  underlying  motivation  for  eliminating  the  ground  point  parameters  first  in 
the  conventional  bundle  adjustment  is  the  irregularity  of  ground  point  spacing  that 
occurs  in  any  operational  adjustment.  The  spatial  distribution  of  exposure  stations, 
on  the  other  hand,  is  as  regular  as  the  pilot  can  maintain.  The  result  is  a  very 
orderly  banded  matrix  for  the  exposure  station  partition.  If  the  exposure  stations 
were  eliminated  into  the  ground  point  partition,  a  banded  matrix  would  result  in 
the  ideal  case,  but  in  practice  there  would  be  some  variation  in  bandwidth  from 
point  to  point.  This  variation  in  bandwidth  is  not  an  insurmountable  problem.  Since 
the  off-diagonal  covariance  blocks  required  for  the  densification  problem  are,  for 
the  most  part,  inside  the  band,  they  will  not  increase  the  computing  time.  This 
approach  has  the  added  appeal  that  computing  can  end  with  the  inverse  of  the 
ground  point  partition;  there  is  no  need  to  compute  the  covariance  matrices  of  the 
exposure  station  parameters. 

In  the  case  of  2-km  densification,  there  will  be  approximately  the  same 
number  of  ground  points  as  exposure  stations.  But  since  there  are  only  three 
unknowns  associated  with  each  ground  point,  elimination  of  exposure  stations  first 
reduces  the  band-width  to  half  that  obtained  in  the  conventional  adjustment. 
Furthermore,  the  number  of  multiplicative  operations,  ^-factor,  is  reduced  to 
about  one-eighth  of  the  conventional  value,  a  tremendous  savings  with  only  a  minor 
modification  in  procedure. 

However,  if  1-km  densification  is  required,  ground  points  will  outnumber 
exposure  stations  by  four-to-one  (two-to-one  in  terms  of  parameters).  The  band- 
width of  the  ground  point  partition  will  increase  to  2#0,  as  shown  in  figure  4,  and 
the  K  factor  is  increased  over  the  conventional  K0  by  a  factor  of  8.  Therefore,  this 
method  will  be  used  only  for  densification  projects  in  which  the  number  of  ground 
point  parameters  does  not  significantly  exceed  the  number  of  exposure  station 
parameters.  When  a  greater  density  of  control  is  needed,  a  more  efficient 
technique  is  available. 

Figure  5  is  again  a  block  diagram  of  the  normal  equations  of  an  ideal 
densification  adjustment  consisting  of  36  photos  and  144  ground  points.  The  gray 
blocks,  both  along  the  diagonal  and  off  the  diagonal,  in  the  ground  point  partition 
represent  the  additional  covariance  terms  that  must  be  computed.  These  are 
referred  to  as  dummy  connections  between  ground  points.  They  are  not  real 
connections  since  they  were  zero  in  the  original  normals  and  do  not  become 
nonzero  in  the  forward  reduction,  but  they  represent  blocks  of  the  inverse  that  are 
to  be  computed.  Requisite  to  their  computation  are  the  dummy  connections 
between  ground  points  and  exposure  stations,  and  the  dummy  fill-in  which  enlarges 
the  bandwidth  of  the  exposure  station  partition. 

While  these  blocks  of  dummy  connections  and  dummy  fill  are  not  used  in  the 
forward  reduction,  they  are  carried  along  to  reserve  storage  space  for  the  blocks  of 
the  inverse  that  will  replace  them.  For  this  reason  the  bandwidth  is  increased  from 
2/V  +  3  to  3/V  +  4  or  approximately  50  percent.  Likewise,  the  ^-factor  is  increased 
by  about  50  percent,  certainly  a  modest  increase  as  compared  to  the  factor  of  8 
encountered  in  the  previous  example. 
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FIGURE  4. — Method  suitable  for  2-km  densification  as  applied  to  1-km  densification. 

This  method  has  been  selected  as  an  interim  solution  to  the  general  problem 
of  photogrammetric  densification.  It  has  been  programmed  and  checked  out  and 
will  be  used  in  the  first  NGS  densification  project  scheduled  this  summer  (1978)  in 
Ada  County,  Idaho.  This,  however,  is  considered  an  interim  solution,  as  a  more 
efficient  method  has  been  devised. 

One  perplexing  feature  of  all  banded  matrix  techniques  is  the  necessity  of 
computing  all  of  the  inverse  elements  inside  the  band,  since  most  or  all  of  these 
elements  are  discarded  after  they  have  been  used  to  compute  the  desired 
covariances.  In  an  attempt  to  reduce  the  magnitude  of  this  computing  task,  NGS 
has  investigated  a  number  of  sparse  matrix  techniques.  One  of  these,  nested 
dissection,  described  by  George  (1973)  is  a  special  case  of  Helmert  blocking  which 
concentrates  on  reducing  the  amount  of  fill-in  (zero  elements  that  become  nonzero 
as  a  result  of  the  forward  reduction).  While  nested  dissection,  as  described  by 
George,   applies  only  to   networks   that  are   more   simply  connected   than  those 
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Figure  5.  — Variation  of  the  standard  bundle  adjustment  in  which  standard  errors  in  distances  and 
azimuths  are  obtainable  through  the  use  of  dummy  connections. 

encountered  in  photogrammetry,  the  basic  principle  leads  to  a  Helmert  blocking 
strategy  that  is  ideally  suited  to  photogrammetric  densification.  For  adjustments 
involving  fewer  than  500  photos  only  first-level  blocks  and  their  junctions  need  be 
considered  for  optimum  fill.  With  less  than  1,000  photos,  the  maximum  number 
anticipated  for  densification,  two-level  blocking  provides  only  a  modest  reduction 
in  fill.  This  number  is  not  enough  to  justify  the  more  cumbersome  data 
management  system  required.  Therefore,  a  relatively  simple  Helmert  blocking 
program  will  suffice  for  photogrammetric  densification. 

Figure  6  shows  the  same  photogrammetric  network  when  reduced  by  Helmert 
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FIGURE  6.  —  Helmert  blocking  and  dummy  connection  method  applied  to  1-km  photogrammetric 

densification. 

blocking.  Each  of  the  four  blocks,  including  ground  points,  exposure  stations, 
dummy  connections,  and  dummy  fill  can  be  reduced  in  the  storage  space  provided 
for  a  banded  matrix  with  bandwidth  3/V-2  or  about  1.5Z?0.  Treatment  of  the 
junction  points,  actually  junction  photos,  requires  more  storage,  equivalent  to  a 
bandwidth  of  4/V-4  or  nearly  2B 0.  This  phase  of  the  inversion  is  a  completely 
separate  item,  however,  and  can  be  done  in  parts  if  storage  becomes  critical.  On 
the  other  hand,  the  number  of  computations  has  been  reduced  by  40  percent,  from 
1.50to  0.9^,,,  over  the  best  obtained  with  bandwidth  methods. 
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This  method  has  been  programmed  and  checked  out,  but  some  areas  of  data 
management  still  need  improvement.  A  more  efficient  means  must  be  devised  for 
treating  the  case  where  two  intervisible  ground  points  are  in  different  Helmert 
blocks,  and  the  ordering  of  parameters  has  yet  to  be  automated.  When  these 
problems  have  been  solved,  a  highly  efficient  densification  program  will  be 
available. 

System  Test 

A  preliminary  test  of  the  total  system  has  been  made  using  the  test  range  at 
Casa  Grande,  Ariz.  This  range  covers  a  square  area  16  miles  on  a  side  with 
geodetic  monuments  spaced  at  1-mile  intervals.  Targets  were  precisely  centered 
on  every  monument.  Flying  altitude  was  set  at  12,000  ft  above  the  terrain.  A 
complete  set  of  photographs  was  obtained  from  east-west  flight  lines  with  both 
forward  and  side  overlap  of  67  percent.  In  addition,  north-south  lines  were  flown 
with  67  percent  forward  overlap,  but  only  33  percent  sidelap.  In  all,  310  usable 
photographs  were  taken. 

Each  photo  contained  a  minimum  of  nine  target  images.  Each  image  and  the 
four  reseau  intersections  surrounding  it  were  measured  using  five  independent 
pointings  for  each  measurement.  Using  the  computer-controlled  prepositioning 
feature  of  the  automatic  Mann  computer,  an  operator  was  able  to  measure  as 
many  as  13  photographs  during  an  8-hour  shift,  roughly  3,250  pointings,  with  an 
average  noise  of  3.7  jjlu\. 

Using  12  ground  control  points  evenly  spaced  around  the  perimeter  of  the  area 
and  one  vertical  control  point  in  the  center,  the  data  were  reduced  in  several 
different  combinations.  The  most  pertinent  results  are  shown  in  table  1.  First,  the 
positions  of  all  targets  were  computed  using  only  the  33  percent  sidelap 
photography.  These  results,  when  compared  to  the  known  positions,  showed  an 
rms  error  of  11.9  cm  in  latitude  and  9.2  cm  in  longitude.  As  expected,  the  data  set 
in  which  67  percent  sidelap  was  used  provided  a  marked  improvement.  The  rms 
errors  were  reduced  to  5.5  cm  and  5.2  cm,  respectively.  A  combination  solution 
was  also  performed,  shown  on  the  last  line  of  the  table,  which  produced  slightly 
smaller  errors.  However,  an  improvement  of  this  magnitude  would  not  justify  the 
additional  expense. 

These  accuracy  figures  represent  a  fivefold  improvement  over  any  photogram- 
metric adjustment  that  NGS  has  done  in  the  past.  Therefore,  we  at  NGS  are  very 
optimistic  toward  the  future  of  photogrammetric  control  densification.  But,  while 
we  are  pleased  with  the  results  obtained  thus  far,  we  are  not  satisfied.  Somewhere 
there  is  one  more  micrometer  of  systematic  error  that  can  be  eliminated  so  that 
photogrammetry  can  become  a  valuable  tool  to  the  geodetic  community. 

Table  1. — Results  of  system  test  conducted  at  the  Casa  Grande  Test  Range. 
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Discussion 

Poder:  In  my  experience,  it  is  awkward  to  solve  this  problem  with  two  parallel  systems.  I  believe  the 
geometry  should  be  supplied  by  geodetic  control  and  photogrammetry  should  only  supplement  that. 

Lucas:  Our  philosophy  here  has  involved  a  specific  application,  rather  than  a  general  program,  and  an 
attempt  to  take  advantage  of  the  efficiency  obtainable  by  using  a  specific  layout  of  the  problem  to  be 
solved. 

Sluiter:  What  was  the  minimum  number  of  control  points  that  you  maintained? 

Lucas:  We  maintained  one  control  point  around  the  periphery  of  the  area  for  each  seven  stereo  models. 
I  believe  there  was  aslo  only  an  elevation  control  point  in  the  center  of  the  block. 

Mitchell:  The  pattern  used  in  this  study  is  hypothetical.  How  will  the  accuracy  deteriorate  when  this 
technique  is  applied  to  a  real  city? 

Lucas:  There  will  certainly  be  problems  which  will  cause  the  accuracies  to  deteriorate.  On  the  other 
hand,  if  we  have  a  finer  network,  e.g.,  1  km  densification,  this  may  improve  the  situation.  We  will  know 
this  summer  when  we  undertake  the  Ada  County  Project.  I  assume  there  will  be  many  problems  which 
were  not  considered,  but  these  figures  should  be  representative  of  the  accuracies  obtainable. 


INTEGRATION  OF  SECONDARY  NETWORKS  IN 
THE  MARITIME  PROVINCES 


Karel  Fila  and  Charles  Chamberlain 

Surveys  and  Mapping  Division 

Land  Registration  and  Information  Service 

Council  of  Maritime  Premiers 

120  Water  Street,  Summerside,  Prince  Edward  Island,  Canada 


Abstract:  The  involvement  of  the  Land  Registration  and  Information 
Service  in  the  redefinition  of  the  geodetic  network  in  the  Maritime 
Provinces  is  discussed.  The  emphasis  is  on  the  processing  of  the  massive 
amount  of  data  involved  in  the  redefinition  problem.  The  overall  scenario 
at  the  LRIS  is  described,  including  the  project  logistics  and  detailed 
descriptions  of  the  strategic  bench  marks. 

Integration   options   for  the  combination   of  the  national  framework 
with  the  provincial/regional  networks  are  also  discussed. 

Introduction 

The  Land  Registration  and  Information  Service  (LRIS)  has  been  working  on 
the  redefinition  of  the  geodetic  network  under  its  jurisdiction  for  about  2  years. 
The  motivation  for  this  activity  was  addressed  in  the  paper  given  at  the  70th  CIS 
Annual  Convention  in  Ottawa  (Fila  and  Chamberlain  1977). 

It  is  important  to  point  out  that  LRIS  is  not  a  federal  agency.  It  is  an 
interprovincial  agency  that  integrates  surveying,  mapping,  and  land  tenure  interests 
of  the  three  Maritime  Provinces — New  Brunswick,  Nova  Scotia,  and  Prince 
Edward  Island.  The  LRIS  program  is  funded  jointly  by  the  federal  Department  of 
Regional  Economic  Expansion  and  the  three  Maritime  Provinces. 

The  overall  objective  of  LRIS  is  to  establish  a  modern  multipurpose  cadastre 
system  based  on  the  guarantee  of  title  and  which  may  possibly  guarantee  the 
boundaries  as  well.  The  use  of  coordinates  is  essential  in  such  a  system.  Thus,  a 
necessary  prerequisite  for  a  modern  cadastre  system,  as  we  see  it,  is  a 
homogeneous  positional  base,  and  the  redefinition  of  the  geodetic  network  is 
viewed  as  a  key  project  within  the  overall  objective  of  LRIS. 

Three  years  ago  there  was  only  a  feeling  that  something  must  be  done  about 
the  geodetic  data  base  in  the  Maritimes  to  respond  to  new  developments  in  the 
area  of  land  titles.  A  task  force  was  created,  a  master  plan  conceived,  and  to  date, 
about  25  professionals  have  been  working  on  this  project. 

We  would  like  to  share  our  experiences  because  we  suspect  that  many  survey 
organizations  at  the  provincial  or  state  level,  like  ourselves,  do  not  have  experience 
in  the  processing  of  massive  amounts  of  data.  This  processing  will,  of  course,  be 
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necessary  because  of  our  desire  to  remain  compatible  with  the  national  or  primary 
framework,  when  it  is  redefined. 

A  trap  which  one  might  fall  into  is  to  view  the  redefinition  problem  as 
"readjustment"  when,  in  fact,  a  very  large  part  of  it  is  a  data  processing  problem. 
In  our  case,  the  actual  adjustments  programs  are  only  5  out  of  60  computer 
programs  that  have  been  developed.  We  have  experienced  that  the  most  time- 
consuming  and  expensive  operation  of  this  project  is  the  preparation,  evaluation, 
and  automation  of  the  geodetic  data. 

It  is  probably  accurate  to  state  that  land  surveying  and  surveying  engineering 
programs  do  not  prepare  their  graduates  to  think  in  terms  of  integrated  survey 
systems  and  that  it  is  important  to  impress  this  philosophy  in  a  traditional  survey 
office  set  up  in  order  to  create  an  environment  in  which  the  redefinition  challenge 
can  be  met  with  vigor. 

The  remainder  of  this  paper  will  highlight  our  endeavours  and  describe  "the 
redefinition  scenario"  at  LRIS. 


Overall  Logistics 

Figure  1  shows  the  overall  logistics  of  the  project.  Firstly,  all  observations  are 
processed  and  stored  in  the  data  base.  Further  processing  cannot  be  done  in  one 
step  owing  to  the  large  size  of  the  secondary  network  necessitating  a  subdivision 
into  subnetworks.  Next,  the  portion  of  the  observations  and  other  relevant 
information  pertaining  to  each  subnetwork  are  extracted  from  the  data  base  and 
stored  on  magnetic  tape  (one  tape  per  subnetwork).  Each  subnetwork  is  then 
solved  as  an  individual  entity.  The  final  step  is  to  combine  all  subnets  into  one 
homogeneous  network  and  store  the  results  in  the  geodetic  data  bank. 

The  following  three  sections  give  the  pertinent  details  of  each  step  in  this 
process  and  outline  the  geodetic  data  bank. 

Data  Processing 

Figure  2  shows  the  highlights  of  data  processing.  We  have  about  1  million 
individual  observations  interconnecting  36,000  points,  which  must  be  reduced, 
screened,  and  stored  in  the  data  base. 

There  are  four  primary  sources  of  data:  the  original  observation  sheets  (dating 
back  to  1959),  microfilm  records,  previously  keypunched  cards,  and  new  observa- 
tions. New  observations  are  a  result  of  both  our  on-going  upgrading  program  and 
remeasures  found  necessary  from  the  data  reduction,  screening,  and  subnetwork 
analysis. 

A  very  important  part  of  LRIS's  redefinition  scheme  is  the  inclusion  of  data 
collected  by  the  Government  of  Canada.  In  addition  to  the  primary  network  this 
consists  of  data  for  certain  secondary  networks  under  the  jurisdictions  of  Geodetic 
Survey  of  Canada,  International  Boundary  Commission,  and  Canadian  Hydrogra- 
phic  Service. 

Direction  observations,  which  constitute  the  bulk  of  our  observations,  are 
subjected  to  a  least-squares  station  adjustment.  All  observations  at  any  particular 
station  are  combined  into  one  set  of  directions  and  statistically  tested  for  outliers. 
If  there  is  correlation  between  the  adjusted  directions,  the  observations  are  split 
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FIGURE  1. — Flowchart  showing  overall  logistics. 
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FIGURE  2.— Data  processing  flowchart. 
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into  their  constituent  sets  according  to  the  original  survey.  The  adjusted  directions 
and  their  internal  variances  are  then  stored  in  the  data  base. 

Distance  observations  are  cocted  according  to  instrument  used  and,  together 
with  the  heights  of  instrument  and  reflector,  are  stored  in  the  data  base.  Validity 
checks  are  performed  on  the  distance,  heights,  and  instrument  codes. 

Azimuths,  from  both  astronomic  and  gyroscopic  measurements  are  reduced, 
statistically  tested  and  stored  with  their  internal  variances  in  the  data  base. 

Directions,  distances,  and  azimuths  files  form  the  master  observation  files  (fig. 
2). 

Approximate  coordinates,  to  be  used  in  forming  the  design  matrices  for  the 
parametric  least-squares  adjustment,  are  available  from  previous  solutions  of  the 
network  and  subsequent  transformation  to  a  new  datum.  Orthometric  heights  have 
been  determined  by  either  spirit  or  trigonometric  levelling  and  are  stored  with  the 
horizontal  coordinates  of  each  station  (See  Master  Station  File,  fig.  2.) 

A  connectivity  file  has  been  created  by  coding  the  sight  lines  from  all  sources 
of  data.  It  is  used  for  plotting  the  ties  between  stations,  data  completion  checks, 
and  in  the  bandwidth  minimization  program. 

Finally,  the  approximate  coordinates  are  used  to  automatically  plot  all  network 
stations  at  a  scale  of  1:50,000.  One  hundred  and  ninety-four  such  inventory  maps 
are  required  to  cover  the  Maritimes.  Where  necessary,  usually  in  cities,  the  points 
are  plotted  at  a  larger  scale.  The  connectivity  file  is  then  used  to  manually  connect 
intervisible  stations. 


Subnetwork  Analysis 

Figure  3  outlines  the  major  steps  involved  in  subnetwork  analysis.  The  upper 
portion  of  the  flowchart  is  repeated  for  each  subnetwork,  consisting  of  about  1,000 
stations,  and  then  all  subnetworks  are  combined. 

The  first  step  is  to  extract  the  coordinates,  observations,  and  connectivity 
records  for  the  subnetwork  from  the  data  base.  Using  the  connectivity  records,  the 
coordinates  and  observations  are  checked  to  verify  that  all,  and  only  those 
observations  required  for  the  subnet  are  used.  Any  missing  or  extra  information  is 
added  or  deleted  from  the  data  base.  This  procedure  is  repeated  until  all  the 
subnet  files  are  completed. 

Using  the  subnetwork  connectivity  file  the  stations  are  reordered  for  minimum 
bandwidth  using  the  Banker's  algorithm  (Snay,  1976).  The  observation  files  are 
also  reordered  to  permit  sequential  processing  of  the  data. 

The  gravity  field  components  for  each  point,  namely  the  geoid-ellipsoid 
separation  and  the  two  components  of  the  deflection  of  the  vertical,  are  computed 
and  stored  in  the  subnetwork  coordinate  file.  The  data  used  to  compute  the  geoid 
representation  are  a  combination  of  GEM8  geoid-ellipsoid  separations,  surface 
gravity  observations,  astrogeodetic  deflections,  and  Doppler-derived  geoid-ellipsoid 
separations.  The  details  are  given  in  (Torres  1977). 

The  observation  equations  are  formed  for  each  observation  using  ellipsoidal 
mathematical  models.  The  misclosures  are  checked  for  large  values,  again  pointing 
out  errors  in  observations,  incorrect  station  identifiers  or  poor  approximate 
coordinates.  A  diagonal  weight  matrix,  taking  into  account  both  internal  and 
external  variances  of  the  observations,  is  also  formed. 
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Figure  3. — Subnetwork  analysis  flowchart. 
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The  normal  equations  are  then  formed  together  with  simultaneous  elimination 
of  the  orientation  unknowns,  and  the  corrections  to  the  approximate  coordinates 
are  computed.  Once  the  solution  has  converged  (iterations  are  performed  to 
eliminate  nonlinearity  effects)  the  residuals  and  band  portion  of  the  inverse  are 
computed.  The  details  of  these  computations  are  given  in  Knight  and  Mepham 
(1978).  The  residuals,  estimated  variance  factor,  and  inverse  elements  are 
subjected  to  a  statistical  analysis  to  indicate  possible  remeasures  or  areas  requiring 
strengthening. 

Once  all  subnetworks  have  been  satisfactorily  solved,  Helmert  blocking  is 
used  to  combine  all  of  the  subnetworks  into  one  homogeneous  network.  The 
programs  developed  by  Knight  and  Mepham  (1978)  are  also  used  to  perform  the 
Helmert  blocking.  All  results  will  be  stored  in  the  geodetic  data  bank. 


Data  Bank  and  System  Maintenance 

As  a  result  of  previous  endeavours,  every  user  has  received  the  geodetic 
information  in  hard  copy  booklets  organized  by  1:50,000  NTS  map  sheet.  It  is 
recognized  that  a  future  user  should  have  more  freedom  in  requesting  geodetic 
information.  The  optional  output  on  various  peripheral  devices — such  as  printer, 
tape,  disc,  plotter,  and  cathode  ray  tube  will  be  considered  in  the  design  of  the 
user's  file. 

The  content  of  the  user's  file  is  not  finalized  at  this  time,  but  it  is  recognized 
that  the  following  information  is  mandatory  and  will  be  incorporated: 

(1)  geodetic  coordinates  ((/>,  A)  and  associated  covariance  matrices, 

(2)  orthometric  height, 

(3)  related  gravity  field  components, 

(4)  provincial  grid  coordinates  {x,  y)  and  associated  covariance  matrices, 

(5)  meridian  convergence, 

(6)  scale  factors  and  (T—t)  corrections, 

(7)  computed  distances  and  azimuths  among  interconnecting  points  and  their 
reliability,  and 

(8)  covariance  elements  between  any  set  of  coordinates. 

At  this  point,  maybe  a  quick  look  into  the  immediate  future  would  be  in  order. 
It  is  envisaged  that  there  will  be  a  series  of  regional  offices  established  through  the 
Maritimes  by  LRIS  and  administered  by  the  Provinces,  which  will  perform  land 
registry  functions  required  under  the  new  Land  Titles  Act.  Instant  and  interactive 
techniques  for  inquiries  about  land  ownership  and  tenure  and  for  parcel  registration 
will  be  employed  using  a  CRT  terminal.  The  same  terminal  may  be  used  to  access 
the  geodetic  files  and  appropriate  software  to  respond  to  the  users'  requests. 

Another  paper  from  the  Maritimes  by  Thomson  and  Krakiwsky  (1978)  entitled 
"Mathematical  Maintenance  of  the  Redefined  Geodetic  Network"  explores  the 
possibilities  which  will  no  doubt  be  considered  by  LRIS  in  their  maintenance 
strategies. 


526  Karel  Fila  and  Charles  Chamberlain 

Integration  Options 

In  this  section,  the  word  "integration"  should  be  interpreted  to  mean  the 
combination  of  primary  (national  framework  being  redefined  by  Geodetic  Survey  of 
Canada)  and  secondary  (Maritime  geodetic)  networks. 

Four  options  have  been  identified: 

(A)  Primary  points  are  held  fixed  and  considered  errorless. 

(B)  Primary  points  are  held  fixed  but  not  errorless. 

(C)  The  normal  equations  from  the  Maritime  primary  network  are  added  to 
the  normal  equations  of  the  secondary  network,  then  the  system  is  solved. 

(D)  The  normal  equations  from  the  secondary  network  are  added  to  the 
normal  equations  of  the  national  primary  network,  then  the  system  is 
solved. 

The  mathematics  of  options  A,  C,  and  D  are  well  known.  The  mathematical 
formulation  for  option  B  is  given  in  Blaha  (1974)  and  further  expanded  in 
Chamberlain  (1977). 

The  following  are  some  of  the  implications  of  the  four  alternatives: 

(a)  Using  options  A  or  B,  the  coordinates  of  the  primary  stations  will  not 
change  as  a  result  of  the  densification. 

(b)  If  option  C  is  chosen,  coordinates  of  primary  stations  will  change  on  a 
regional  basis. 

(c)  If  option  D  is  chosen,  coordinates  of  primary  stations  will  change  on  a 
national  basis;  however,  this  change  will  be  less  pronounced  as  one  moves 
away  from  the  Maritime  region. 

(d)  Using  options  B,  C,  or  D,  the  random  errors  in  the  primary  network  will 
propagate  into  the  accuracy  estimates  of  the  secondary  points. 

(e)  Using  option  D,  the  random  errors  in  the  secondary  network  will  propagate 
into  the  entire  primary  network. 

To  give  the  user  the  best  possible  geodetic  framework,  a  great  deal  of  thought 
and  effort  must  go  into  the  four  options,  and  the  implications  resultant  from  any 
choice  must  be  explored. 

Conclusions 

The  redefinition  project  serves  very  real  needs  from  the  LRIS  point  of  view.  It 
will  not  only  provide  a  homogeneous  positional  base  useful  for  the  referencing  of 
surveys,  but  it  is  possible  that  this  base  will  be  required  to  support  the  legislative 
requirement  of  guaranteeing  the  boundaries  of  the  legal  parcels  in  the  Maritime 
region. 

It  is  imperative  that  the  redefined  network  be  maintained,  that  is,  meaningful 
and  up-to-date  geodetic  records  must  be  kept  and  that  LRIS  support  all  efforts 
leading  to  the  improvement  of  the  geodetic  information  in  the  Maritimes. 
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Abstract:  The  term  "mathematical  maintenance"  is  defined.  The  need 
for  mathematical  maintenance  of  redefined  geodetic  networks  is  pre- 
sented. The  scope  of  the  problem  is  given  in  terms  of  three  presently 
seen  activities,  namely  those  of  replacement,  densification,  and  extension. 
Then  a  brief  explanation  is  given  of  each  of  three  possible  mathematical 
models  that  are  needed  to  solve  the  problem.  The  role  of  the  use  of 
statistical  testing  is  briefly  presented.  The  use  of  interactive  computer 
graphics  as  a  tool  for  mathematical  maintenance  is  also  introduced. 

Introduction 

The  objective  of  this  paper  is  to  outline  the  major  tasks  included  in 
mathematical  maintenance  and  highlight  some  of  the  problems  that  should  be 
addressed.  Solutions  to  some  of  the  problems  are  offered. 

Mathematical  maintenance  of  geodetic  networks  is  understood  by  the  authors 
to  encompass  those  tasks  required  to  ensure  that  all  relevant  and  up-to-date 
"positional"  information  is  incorporated  rigorously  and  at  the  same  time  practically 
into  the  computation  of  the  coordinates  and  their  associated  accuracies.  One  has 
the  tendency  to  immediately  assume  that  such  action  implies  that  the  redefined 
networks  should  be  of  a  "dynamic"  nature,  that  is,  coordinates  and  associated 
accuracies  of  points  change  every  time  a  new  piece  of  positional  information  is 
added.  This  could  be  the  case,  but  need  not  be  as  is  explained  in  this  paper. 

Background 

History  has  taught  us  that  geodetic  networks  need  to  be  updated  periodically. 
Recall  what  O.  S.  Adams  (1930)  stated  in  writing  about  the  computations  of 
geodetic  networks  in  the  United  States  prior  to  1927: 

.  .this  method  of  adjustment  became  more  and  more  objectionable  because 
often  comparatively  short  arcs  were  forced  to  absorb  loop  closures  that  were 
out  of  all  proportion  to  their  lengths  and  as  a  result  the  corrections  that  had  to 
be  applied  to  them  were  unduly  large. 

The  result  of  this,   according  to  O.    S.   Adams,   was  "that  at  some  time  a 
readjustment  would  have  to  be  made  of  the  whole,  or  at  least  part,  of  the  net  .  .  ."In 
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the  late  1920's,  a  new  adjustment  was  begun;  it  became  known  as  the  North 
American  Datum  of  1927  (Baker  1974). 

Less  than  50  years  later,  a  committee  of  the  U.S.  National  Academy  of 
Sciences  stated,  with  regards  to  the  geodetic  networks  in  the  United  States,  "The 
overall  conclusion  is  that  a  new  general  adjustment  is  necessary;  indeed  it  is 
overdue"  (Baker  1974).  Regarding  the  Canadian  geodetic  networks,  C.  D.  McLellan 
(1976)  stated; 

.  .  .  our  geodetic  networks  today  fail  to  meet  modern  standards,  and 
coordinates  values  in  many  areas  do  not  reflect  the  quality  of  the  survey  work. 
In  fact,  roughly  half  of  our  primary  networks  fail  to  meet  first-order  standards. 

The  result,  as  we  are  all  aware,  is  that  a  redefinition  of  the  North  American 
geodetic  networks  will  be  completed  by  1983.  It  is  well  known  from  experience 
that  geodetic  networks,  treated  as  fixed  entities,  have  a  limited  lifetime.  This  leads 
to  the  question:  Will  we  or  our  followers  have  to  consider  another  redefinition  early 
in  the  twenty-first  century? 

There  is  contemporary  evidence  to  show  that  the  failure  of  geodetic  networks 
to  satisfy  users  will  not  be  tolerated  in  the  future.  A  major  reason  for  this  is  the 
use  of  geodetic  networks  as  the  basis  for  land  information  systems.  A  prime 
example,  the  Land  Registration  and  Information  Service  (LRIS),  exists  in  the  three 
Maritime  Provinces  of  Canada.  As  part  of  its  overall  plan,  it  has  been  proposed, 
and  may  soon  come  to  pass,  that  all  legal  boundaries  in  this  region  will  be 
described  via  coordinates  and  the  boundaries  will  be  guaranteed  within  certain 
tolerances  (Macintosh  1977).  Coordinates  of  points  on  legal  boundaries  will  be 
determined  via  ties  to  any  of  the  36,000-plus  points  of  the  Maritime  geodetic 
network.  Obviously,  the  legal  ramifications  of  such  a  plan  make  it  mandatory  that 
the  geodetic  network  always  fulfill  the  needs  of  the  users.  Thus,  LRIS  has  placed 
great  emphasis  on  the  redefinition  of  their  geodetic  network  and  its  integration 
with  the  Canadian  framework  (Fila  and  Chamberlain  1978).  Furthermore,  their 
need  for  mathematical  maintenance  after  redefinition  has  been  stated  as  (Fila  and 
Chamberlain  1977): 

The  successful  completion  of  this  project  will  provide  the  basis  for  a  dynamic 
geodetic  system.  All  additions  will  be  monitored  continuously  to  ensure 
positional  accuracy  of  points. 

On  a  broader  basis,  there  are  other  equally  important  examples,  many  of 
which  tend  to  have  legal  implications.  A  major  one  is  the  seaward  extension  of  our 
search  for  resources  and  the  accompanying  intranational  and  international  bound- 
aries. Regarding  this  topic,  C.  A.  Whitten  stated  (1974): 

The  legal  community  has  a  definite  interest.  Monuments  or  marks  on  the 
ground  define  the  boundaries.  Geodetic  positions  or  related  rectangular 
coordinates  on  any  defined  datum  are  merely  descriptors,  always  subject  to 
possible  improvement  by  the  addition  of  new  data  or  by  some  type  of 
readjustment.  Courts  and  boundary  commissions  have  always  recognized  this 
fact. 

In  Canada,  the  long-range  national  plans  for  geodetic  networks  is  to  "provide 
a  response  capability  appropriate  to  the  various  regions  of  the  country  and  to 
maintain  the  networks"  (McLellan  1974). 

Further,  it  is  well  known  that  the  Earth's  crust  is  subject  to  secular,  periodic, 
and  episodic  deformations;  this  physical  movement  is  detectable  in  estimates  of 
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the  coordinates  of  monumented  terrain  points.  Substantial  effort  is  being  expended 
on  crustal  movement  investigations  via  changes  in  the  geodetic  coordinates  of 
terrain  points  and  vice  versa  (e.g.,  Mead  1973).  The  determination  of  how  this  type 
of  information  should  be  incorporated  into  the  redefined  North  American  geodetic 
network  is  an  important  and  timely  research  topic. 

All  of  these  facts  lead  to  the  conclusion  that  the  present  static  state  of  our 
geodetic  networks  cannot  be  tolerated  in  the  future.  Also  networks  will  have  to 
reflect  a  response  to  changing  needs  rather  than  to  some  previously  established 
needs.  To  fulfill  this,  the  idea  of  the  mathematical  maintenance  of  the  redefined 
geodetic  networks  will  have  to  be  given  careful  consideration. 

Scope  of  Mathematical  Maintenance 

The  basic  reasons  for  mathematical  maintenance  of  geodetic  networks  are 
now  seen  as  being  due  to  the  activities  of  replacement,  densification,  and 
extension.  Each  of  these  encompasses  one  or  more  tasks. 

It  is  common  knowledge  that  when  a  geodetic  monument  is  physically 
destroyed,  a  reasonable  physical  maintenance  scheme  will  ensure  that  it  be 
replaced;  thus,  "mathematical"  replacement  is  required.  Of  course,  we  should 
determine  the  effect  of  the  new  positional  information  (i.e.,  the  new  measurements) 
on  the  surrounding  network  points  (coordinates  and  associated  accuracies). 
Theoretical  and  empirical  arguments  can  be  presented  to  show  that  the  effects  on 
any  part  of  a  network  of  replacing  one  network  point  will  in  most  cases  be 
negligible.  Consider,  however,  the  following.  In  a  particular  region  of  the  Maritime 
Provinces,  it  was  found  that  in  a  5-year  period,  the  mean  loss  (mean  of  urban  and 
rural  parts  of  the  network)  of  monumented  points  of  the  LRIS  network  was  21.3 
percent  (Janes  1976).  In  the  same  5-year  period,  4.2  percent  were  replaced. 
Extending  these  percentages  to  the  entire  36,000-point  network,  this  translates  into 
over  1,500  destructions  and  300  replacements  per  year.  Owing  to  the  possible 
future  legal  status  of  the  network,  such  replacements  cannot  be  treated  in  a 
mundane  way;  the  effects  of  new  measurements  arising  from  replacement  surveys 
must  be  monitored  and,  if  necessary,  allowed  to  affect  (change)  coordinates  and 
associated  accuracy  estimates. 

Densification  is  by  definition  the  act  of  increasing  the  quantity  of  geodetic 
network  points  per  unit  area.  The  LRIS  geodetic  network  of  about  36,000  points  is 
itself  a  densification  of  the  approximately  250  main  framework  points  in  the 
Canadian  Maritime  provinces,  since  the  former  increases  the  density  of  horizontal 
network  points  from  0.003  per  km2  to  0.4  per  km2.  Furthermore,  since  the  regional 
network  (consisting  predominently  of  traverses)  is  tied  directly  to  the  national 
framework  points,  there  will  be  a  two-way  interaction  of  these  two  networks. 
Densification  is  also  meant  to  include  the  integration  of  the  many  cadastral, 
engineering,  and  other  surveys  that  are  tied  to  and  are  within  the  geodetic  system. 
In  many  instances,  these  networks  become  part  of  the  "legal"  geodetic  system. 
For  example,  in  the  Canadian  province  of  Manitoba,  more  than  20  types  of 
surveys,  which  could  add  significantly  to  the  geodetic  network  in  their  region,  have 
been  identified  (Steeves  1978).  All  of  these  have  to  be  fitted  together  to  form  one 
homogeneous  system. 

The  extension  of  a  geodetic  network,  in  the  usual  sense  of  the  word,  may 
sometimes  be  difficult  to  separate  from  the  densification  of  the  same  network. 
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Since  Canada  now  has  an  extensive  Doppler  network,  consisting  of  more  than  200 
points  over  our  whole  country,  further  geodetic  network  establishment  may  simply 
be  described  as  a  densification  of  the  Doppler  network.  The  meaning  of  the  word 
here  is  to  be  taken  in  a  broad  sense.  Additions  to  a  geodetic  network  that  extend  it 
into  areas  not  previously  covered  are  part  of  this  component.  For  example,  in  the 
period  1971-74,  the  Geodetic  Survey  of  Canada  extended  the  national  framework 
to  cover  2,316,000  km2  new  territory  with  area  type  networks,  and  over  17,000  km 
by  traversing  (Krakiwsky  and  Vanicek  1975).  Extension,  in  the  context  of  the 
mathematical  maintenance  of  a  geodetic  system,  also  means  the  future  inclusion  of 
networks  such  as  those  established  by  the  Canadian  Hydrographic  Service  to  cover 
our  approximately  30,000  km  of  oceanic  coastline.  Finally,  we  understand  extension 
to  include  dimensionality  as  well,  that  is,  the  expansion  of  the  horizontal  two- 
dimensional  network  into  three  dimensions  by  the  addition  of  the  vertical  one- 
dimensional  network. 

The  mathematical  maintenance  of  a  geodetic  network  is  a  complex  problem. 
There  is,  we  contend,  no  one  practical  solution  for  all  the  tasks.  Each  will  have  to 
be  researched,  and  solutions  found  that  are  practical  and  as  rigorous  as  possible. 

Some  Mathematical  Tools  and  Techniques 

It  is  known  that  the  positional  information  that  will  be  added  to  the  redefined 
geodetic  network  will  come  from  a  variety  of  sources  and  will  be  of  variable 
quality.  As  a  result,  three  possible  mathematical  models  could  be  considered: 
static,  semidynamic,  and  dynamic. 

The  static  case  is  well  known  and  often  used.  When  new  positional  information 
is  added  to  a  network,  coordinates  of  all  previously  established  points  are  treated 
as  fixed  and  errorless  in  subsequent  computations.  Generally,  this  procedure  has 
been  followed  in  the  past.  This  results  in  the  neglect  of  error  sources  that  may  in 
fact  have  a  significant  effect  on  the  analysis  of  the  new  survey  information  and  on 
the  newly  established  coordinates.  Furthermore,  the  effect  of  the  new  information 
on  the  previously  established  points  (both  coordinates  and  associated  accuracy 
information)  is  neglected. 

A  more  contemporary  approach  is  one  that  could  be  called  the  semidynamic. 
During  the  computation  of  coordinates  of  the  newly  added  points,  the  coordinates 
of  existing  network  points  are  considered  as  fixed  and  errorless.  However,  when 
computing  the  covariance  matrix  of  the  newly  established  points,  the  uncertainties 
of  the  coordinates  of  the  existing  (old)  network  points  are  propagated  into  the  new 
work.  The  new  coordinates  will  be  somewhat  biased  owing  to  the  constraints 
arising  from  the  fixed  coordinates;  the  associated  covariance  matrix  will  be  biased 
to  a  lesser  extent.  Nevertheless,  this  approach  allows  for  a  more  rigorous  analysis 
than  the  static  approach.  As  with  the  static  case,  the  previously  defined  coordinates 
and  their  accuracy  estimates  remain  unchanged.  The  details  of  this  approach  are 
given,  for  example,  by  Blaha  (1974)  and  Chamberlain  (1977). 

A  totally  dynamic  system  would  allow  all  positional  information,  that  is, 
previously  established  coordinates  and  associated  covariance  matrix  and  new 
measurements  with  associated  accuracies,  to  interact  at  all  times.  Such  a  system 
would  be  difficult  to  manage,  would  be  costly,  and  most  probably  impractical  for 
present  and  foreseeable  needs.  It  should  not,  however,  be  ruled  out  entirely.  In  a 
complete  rigorous  mathematical  maintenance  scheme,  the  approach  has  merit  for 
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at  least  two  reasons.  The  first  is  to  think  of  a  redefinition  of  the  entire  geodetic 
network  when  information  is  added  that  will  affect  the  whole  geodetic  system  in  a 
significant  way  (e.g.,  Doppler  satellite  determined  positions).  Such  events  will 
occur  at  infrequent  periods.  The  second  case,  that  of  incorporating  significant  local 
events,  will  happen  more  frequently.  For  example,  the  establishment  of  a  precise 
dense  urban  network  (100  m  to  400  m  spacing  of  points)  within  a  surrounding 
geodetic  network  (spacing  0.5  km  to  3  km),  as  has  been  done  in  Fredericton,  N.B. 
(Chrzanowski  and  Steeves  1977),  must  be  allowed  to  integrate  freely  into  the 
surrounding  framework  so  that  as  densification  extends  outward,  compatibility  will 
still  prevail.  In  this  way  the  entire  network  will  remain  reliable. 

In  any  mathematical  maintenance  scheme  statistical  testing  of  observations 
and  assessment  of  parameters  (coordinates)  are  essential.  Only  in  this  way  can  (a) 
quality  control  of  the  observations  take  place,  and  (b)  evaluation  of  the  significance 
of  the  changes  in  coordinates  be  made.  Statistical  techniques  must  be  exploited  to 
the  fullest.  For  example,  in  testing  for  outliers,  the  so-called  "max  tests"  (Pope 
1976),  which  are  based  on  the  maximum  allowable  residual,  should  be  used  in 
place  of  the  usual  "nonmax  tests,"  which  are  based  on  a  single  observation  (or 
residual).  We  note  that  the  max  family  of  tests  give  confidence  intervals  of  about 
one  and  one-half  times  that  of  the  nonmax  tests  (Vanicek  and  Krakiwsky,  1978). 
Another  example  of  rigorous  statistical  techniques  that  should  be  used  is  the 
establishment  of  "simultaneous  confidence  regions"  for  the  coordinates  in  which 
Boneferronfs  inequality  plays  an  important  role  (Miller  1966).  An  examination  of 
the  factors  for  the  conversion  of  standard  confidence  regions  to  those  of  a  higher 
probability  shows  that  those  (factors)  for  the  simultaneous  regions  are  about  twice 
the  size  of  those  for  single  (nonsimultaneous)  confidence  regions  (Vanicek  and 
Krakiwsky,  in  prep).  The  mathematical  theory  of  statistics  is  rich  with  such  tests 
ready  to  be  exploited  for  our  use. 

Finally,  we  must  make  use  of  modern  technological  achievements.  One  such 
development  is  interactive  computer  graphics  using  sophisticated  program  lan- 
guages and  graphical  displays.  Use  of  this  type  of  computing  system  allows  one  to 
design  and  analyse  a  network  in  real-time.  As  part  of  our  research  at  the  University 
of  New  Brunswick  on  the  maintenance  of  geodetic  networks,  we  have  been 
developing  the  static,  semidynamic,  and  dynamic  models  for  the  replacement, 
densification,  and  extension  components  on  our  interactive  graphics  system.  Thus 
far,  we  have  completed  work  on  the  static  case  for  the  design  of  networks  using  a 
step-wise  preanalysis  technique  (Nickerson  et  al.  1978). 

Conclusions 

By  definition,  "to  coordinate"  means  (Oxford  English  Dictionary  1971)  "to 
place  or  arrange  things  in  proper  position  relatively  to  each  other  and  to  the  system 
of  which  they  form  parts."  This  is  what  is  done  via  geodetic  networks.  For  the 
networks  to  consistently  support  this  activity,  they  must  be  mathematically 
maintained.  As  was  shown  at  the  beginning  of  this  paper,  this  idea  has  popular 
support. 
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Abstract:  An  algorithm  has  been  developed  and  coded  in  Fortran  to 
generate  a  complete  set  of  independent  condition  equation  circuits  for 
any  horizontal  control  network.  The  algorithm  is  derived  herein,  and  the 
economization  of  the  parametric  adjustment  of  horizontal  control  via 
condition  equations  is  discussed. 

Introduction 

Linearization  of  the  nonlinear  parametric  least-squares  model  for  the  adjust- 
ment of  horizontal  control  is  accomplished  by  replacing  the  nonlinear  functions  by 
their  Taylor's  series  linear  approximation,  expanded  about  the  point  defined  by  the 
initial  approximation  to  the  set  of  coordinates  and  the  measured  values  of  the 
observation  vector. 

Problem  No.  1. — The  number  of  iterations  required  to  update  and  solve  the 
linear  approximations  is,  among  other  factors,  a  function  of  the  accuracy  of  the 
initial  approximate  coordinates.  Thus  before  the  parametric  least-squares  solution 
is  initiated,  it  is  desirable  to  have  the  initial  set  of  approximate  coordinates  as 
accurate  as  possible. 

Problem  No.  2. — Three  types  of  errors  occur  in  our  measuring  processes; 
accidental  or  random  errors,  systematic  errors,  and  blunders.  Systematic  errors 
can  be  eliminated  by  proper  calibration  of  our  instrumentation  and  application  of 
proper  physical  corrections.  Blunders  are  the  type  of  errors  that  give  surveyors 
headaches  and,  as  long  as  surveyors  are  human  beings,  blunders  will  be  in  our 
data.  The  problem  is,  how  can  blunders  be  isolated? 

Blunders  may  be  detected  by  examining  the  misclosure  vector  of  the 
parametric  model;  however,  to  do  so  the  set  of  approximate  coordinates  must  be 
very  accurate,  especially  where  short  lines  are  present.  Even  after  one  iteration  of 
the  parametric  solution  the  updated  coordinates  might  not  be  sufficiently  accurate 
for  the  detection  of  blunders.  A  more  systematic  and  economic  approach  must  be 
found ! 
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Proposed  Solution. — A  solution  to  the  blunder  problem  could  be  found  by 
generating  a  set  of  condition  equation  circuits  for  the  network  and  examining  the 
misclosures  in  each  individual  circuit  via  error  propagation.  Once  all  blunders  have 
been  detected  and  eliminated,  a  set  of  initial  coordinates  to  be  used  in  the  least- 
squares  adjustment  may  be  generated  by  an  approximate  adjustment  of  the  survey 
data. 

An  attempt  is  being  made  to  solve  the  above  two  problems  by  the  author  and 
will  form  part  of  his  Ph.  D.  thesis,  now  being  written  for  the  Department  of 
Surveying  Engineering,  University  of  New  Brunswick,  Canada. 


Formation  of  Condition  Equation  Circuits 

The  condition  equation  circuits  of  a  horizontal  control  network  are  generated 
by  forming  a  series  of  minimum  path  graph  trees.  Minimum  path,  in  this  instance, 
is  defined  as  the  route  between  two  vertices  (stations)  having  the  minimum  number 
of  edges  (two  stations  connected  by  an  observation). 


PRIMARY  MINIMUM  PATH  GRAPH  TREE 

Any  vertex  in  the  network  may  be  chosen  as  the  root;  then  a  minimum  path 
graph  tree,  connecting  every  vertex  in  the  network  is  formed.  The  method  is  as 
follows : 

A  network  connectivity  matrix  is  formed.  The  vertex  having  the  lowest 
sequence  number  is  chosen  as  the  root  of  the  tree.  All  vertices,  which  are 
connected  to  the  root,  are  added  to  the  tree  and  form  the  first-level  branches. 
Second-level  branches  are  formed  by  adding  all  vertices  that  are  connected  to  any 
vertex  in  the  first  level.  The  building  of  the  tree  is  continued  in  the  same  manner 
until  all  vertices  have  been  added  to  the  tree. 

The  structure  of  the  tree  is  defined  by  four  work  vectors.  The  first  vector  tags 
all  vertices  added  to  the  tree;  1  =  yes,  0  =  no.  The  second  vector  tags  the  edges 
used  in  adding  vertices  to  the  tree.  The  third  vector  indicates  the  level  assigned  to 
each  vertex.  The  fourth  vector  indicates  the  sequence  of  the  vertex  addition. 

The  algorithm  is  demonstrated  by  means  of  the  following  example.  Table  1 
denotes  the  connectivity  matrix  for  the  network  depicted  in  figure  1. 

TABLE  1. — Connectivity  matrix  for  figure  1. 


1 

2  4  6 

2 

5  7  18 

3 

4  7  8  5 

4 

6  15  7  3 

5 

3  4  2 

6 

8  7  14 

7 

3  4  6  2 

8 

2  3  6 
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Figure  1. 

Commencing  at  the  root  (vertex  1)  the  algorithm  finds,  by  accessing  the  first 
row  of  connectivity  matrix,  that  vertex  1  is  connected  to  vertices  2,  4,  and  6.  The 
four  work  vectors  are  then  filled  in  as  follows: 

12  3  4  5  6  7  8 
Added  to  tree  110  10  10  0 

From  0  111 

Branch  level  12       2       2 

Tree  sequence  12  4  6 
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FIGURE  2. — Formation  of  graph  tree. 

The  initial  tree  is  depicted  by  the  solid  lines  in  figure  2.  The  algorithm  then 
proceeds  to  the  row  of  the  connectivity  matrix  equal  to  the  second  number  in  the 
tree  sequence  vector  and  finds  that  vertex  2  is  connected  to  vertices  5,  7,  1,  and  8. 
These  vertices  are  checked  with  the  added-to  tree  vector.  Vertex  1  is  already  part 
of  the  tree,  so  it  is  ignored.  The  four  work  vectors  are  then  updated. 


Added  to  tree 
From 

Branch  level 
Tree  sequence 


12  3  4  5  6  7  8 

110  11111 

0  1  12  12  2 

12  2  3  2  3  3 

12  4  6  5  7  8 
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The  status  of  the  tree  at  this  moment  is  depicted  by  the  solid  lines  in  figure  3. 
The  algorithm  then  proceeds  to  check  the  row  of  the  connectivity  matrix  equal  to 
the  third  number  in  the  tree  sequence  vector  and  finds  that  vertex  4  is  connected 
to  vertices  6,  1,  5,  7,  and  3.  By  checking  the  added  to-tree  vector,  the  algorithm 
finds  that  vertex  3  is  the  only  vertex  that  can  be  added  to  the  tree.  The  four  work 
vectors  are  then  updated. 


12  3  4  5  6  7  8 

Added  to  tree 

11111111 

From 

0  14  12  12  2 

Branch  level 

12  3  2  3  2  3  3 

Tree  sequence 

12  4  6  5  7  8  3 

The  algorithm  proceeds  to  check  the  remaining  rows  of  the  connectivity 
matrix  and  finds  no  new  vertices  to  add  to  the  tree,  thus  the  tree  has  been 
completed  and  the  algorithm  is  terminated.  The  complete  tree  is  depicted  by  the 
solid  lines  in  figure  4. 

A  graph  theory  representation  of  the  completed  tree  is  shown  in  figure  4A. 
The  order  in  which  vertices  were  added  to  the  tree  can  be  found  by  examining 
each  level,  left  to  right. 

The  entries  in  the  connectivity  matrix,  corresponding  to  edges  that  were  not 
added  to  the  tree,  are  now  all  changed  to  negative.  The  connectivity  matrix  is  then 
transformed  by  permuting  each  row  so  that  the  edge  directed  towards  the  root  is 
indicated  by  the  first  entry.  Table  2  represents  the  transformed  connectivity  matrix 
for  the  network  in  figure  4. 

TABLE  2. — Transformed  connectivity  matrix. 


1 

2 

4 

6 

2 

1 

8 

5 

7 

3 

4 

-7 

-8 

-5 

4 

1 

-5 

-7 

3 

5 

2 

-3 

-4 

6 

1 

-4 

-8 

-7 

7 

2 

-3 

-4 

-6 

8 

2 

-3 

-6 

A  negative  entry  in  any  row  of  the  connectivity  matrix  represents  an  edge  that 
has  not  been  used  to  form  the  primary  minimum  path  graph  tree:  therefore,  the 
edge  must  form  part  of  a  condition  equation  circuit.  The  number  of  condition 
equation  circuits  to  be  found  is  equal  to  the  number  of  edges  not  used  in  the  tree. 
Each  vertex  of  the  primary  tree  can  now  be  examined  for  possible  condition 
equation  circuits,  by  constructing  secondary  minimum  path  graph  trees. 


SECONDARY  MINIMUM  PATH  GRAPH  TREE 

If  a  vertex  is  found  that  has  an  unused  edge  extending  from  it,  the  formation 
of  a  secondary  minimum  path  graph  tree  is  commenced.  The  secondary  minimum 
path  graph  tree  is  formed  in  the  same  manner  as  the  primary  minimum  path  graph 
tree,  except  for  the  following  constraints: 
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FIGURE  3. — Formation  of  graph  tree. 


(1)  The  vertex  found  at  the  end  of  the  unused  edge  is  designated  as  the  root  of 
the  secondary  tree. 

(2)  The  tree   is   only   allowed   to  develop   along  positive   edges,   except  for 
constraint  4. 

(3)  The  tree  is  only  allowed  to  develop  to  vertices  that  are  on  a  level  equal  to 
or  less  than  the  level  of  the  initial  starting  vertex. 

(4)  The  tree  is  allowed  to  close  on  the  root  if  and  only  if  the  edge  is  negative. 


Economization  of  Horizontal  Control  Adjustment  by  Condition  Eqs.       541 


FIGURE  4. — Completed  graph  tree. 
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LEVEL    1 


LEVEL   2 


LEVEL    3 


FIGURE  4A.— Graph  theory  representation  of  completed  tree. 


The  formation  of  the  secondary  tree  is  ceased  when  constraint  4  has  been 
satisfied,  as  a  condition  equation  circuit  has  been  found.  The  algorithm  is 
demonstrated  by  means  of  the  following  example.  Recalling  the  transformed 
connectivity  matrix  and  the  last  two  work  vectors  from  the  primary  tree,  we  have: 


TABLE  3. — Transformed  connectivity  matrix. 


1 

2      4      6 

2 

18      5      7 

3 

4  -7  -8  -5 

4 

1-5-7      3   -6 

5 

2  -3  -4 

6 

1   -4  -8   -7 

7 

2   -3   -4   -6 

8 

2   -3   -6 

Branch  level 
Tree  sequence 


12  3  4  5  6  7  8 
12  3  2  3  2  3  3 
12  4  6  5  7  8  3 
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The  first  (added  to  tree)  and  second  (from)  vectors  are  reinitialized,  and  an 
additional  work  vector  to  tag  the  secondary  tree  sequence  is  set  up. 

The  process  is  begun  by  searching  the  connectivity  matrix  for  a  negative 
entry.  The  search  begins  at  vertex  1  and  continues  using  the  vertices  listed  in  the 
tree  sequence  vector.  The  first  negative  quantity  (-5)  is  found  in  the  fourth  row. 
Thus  vertex  5  becomes  the  root  of  the  secondary  tree.  The  branch  level  of  vertex 

4  is  2,  thus  the  maximum  level  to  be  allowed  is  set  to  2. 

The  algorithm  examines  row  5  of  the  connectivity  matrix  and  finds  that  vertex 

5  is  connected  to  vertices  2,  3,  and  4.  Due  to  constraint  2,  vertices  3  and  4  are 
rejected.  The  three  work  vectors  are  updated  as  follows: 

12  3  4  5  6  7  8 
Added  to  tree  0  10  0  10  0  0 

From  5  0 

Secondary  tree  sequence  5  2 

The  algorithm  then  proceeds  with  row  2  of  the  connectivity  matrix  and  finds 
that  vertex  2  is  connected  to  vertices  1,  8,  5,  7.  Due  to  constraint  3,  vertices  7  and 
8  are  rejected  and  vertex  5  is  rejected  due  to  constraint  4.  The  three  work  vectors 
are  updated  as  follows: 

12  3  4  5  6  7  8 
Added  to  tree  110  0  10  0  0 

From  2  5  0 

Secondary  tree  sequence  5  2   1 

The  algorithm  checks  row  1  of  the  connectivity  matrix  and  finds  that  vertex  1 
is  connected  to  vertices  2,  4,  and  6.  Vertex  2  is  already  part  of  the  tree  so  that  it  is 
rejected.  The  three  work  vectors  are  updated  as  follows: 

12  3  4  5  6  7-8 
Added  to  tree  110  1110  0 

From  2  5       10  1 

Secondary  tree  sequence  5  2  14  6 

The  algorithm  checks  row  4  of  the  connectivity  matrix  and  finds  that  vertex  4 
is  connected  to  vertices  1,  5,  7,  3,  and  6.  Vertex  5  is  negative,  and,  since 
constraint  4  is  now  satisfied,  the  tree  is  terminated.  The  tree  is  unravelled 
backward  through  the  tree  sequence  vector,  beginning  from  vertex  5  to  4  to  1  to  2 
to  5.  The  resulting  condition  equation  circuit  5-4-1-2  -5  is  shown  in  figure  5. 

The  formation  of  a  secondary  tree  is  reinitialized,  and  the  above  procedure  is 
repeated  until  all  condition  equation  circuits  are  located.  Figures  6  through  12 
denote  the  condition  equation  circuits  found  for  this  example. 


Execution  Time 

Condition  equation  circuits  (all  triangles)  were  found  for  17  fictitious  networks 
generated  on  a  Burrough's  B2700  Medium  System.  A  graphical  representation  of 
the  execution  time  per  condition  equation  circuit  vs  the  total  number  of  condition 
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FIGURE  5.— Formation  of  circuit  5-2-1-4-5. 
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FIGURE  6. — Formation  of  circuit  6-1-4-6. 
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Figure  7. — Formation  of  circuit  7-2-1^1-7. 
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Figure  8.  — Formation  of  circuit  7-4-3-7. 
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Figure  9.— Formation  of  circuit  7-4-6-7. 
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FIGURE  10. — Formation  of  circuit  8-2-1-6-8. 
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Figure  11.— Formation  of  circuit  3-4-5-3. 
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Figure  12.— Formation  of  circuit  3-4-6-8-3. 
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equations  circuits,  for  the  17  networks,  is  shown  in  figure  13.  The  total  time  can 
be  found  from  t  =  n  (0.672  +  0.000203rc).  Networks  with  longer  circuits  have  been 
run;  however,  no  functional  relationships  have  been  defined  for  execution  time. 

Conclusions 

An  algorithm  has  been  developed  to  generate  a  complete  set  of  independent 
condition  equation  circuits  for  any  horizontal  control  network.  The  set  of  condition 
equation  circuits  may  be  described  as  a  best  set  of  circuits,  as  they  yield  a  set  of 
normal  equations,  containing  the  minimum  number  of  nonzero  coefficients. 

It  is  now  possible  to  perform  data  screening  via  condition  equation  misclo- 
sures.  The  proposed  algorithm  will  locate  large  circuit  misclosures  and  attempt  to 
isolate  blunders  by  locating  common  observations  in  other  circuits  having  large 
misclosures. 
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Abstract:  The  second-order  design  is  defined  as  the  problem  of  finding 
optimal  observational  weights  in  a  network  with  given  configuration.  In 
previous  publications  the  equation  A  'PA  =  Px  —  A  is  the  configuration 
matrix  of  the  network  for  an  adjustment  by  variation  of  coordinates,  P  the 
unknown  weight  matrix  and  Px  a  generalized  symmetric  inverse  of  the 
given  dispersion  matrix  Q x  is  solved  using  a  Khatri-Rao  product 
(A'  O  A')p  =  q  and  the  numerically  expensive  pseudoinverse 
p  —  (A'  O  A')  +  q.  This  paper  includes  a  rank  analysis  for  distance  and 
triangulation  networks.  The  most  important  result  is  that  the  second-order 
design  of  free  networks  has  a  regular  least-squares  solution  p  =  (C'C)~l  C'q 
with  C  =  (A'  OA').  Based  on  this  knowledge,  it  is  shown  that,  just  as  in 
the  adjustment  of  large  networks,  sparse  technics  can  be  applied  in  order 
to  get  numerically  efficient  solution  procedures  for  the  second-order 
design. 

Second-order  Design  of  Geodetic  Networks 

The  second-order  design  problem  is  defined  as  the  problem  of  finding  optimal 
weights  for  the  observations  which  are  projected  in  a  geodetic  network  with  given 
point  positions.  The  required  accuracy  of  the  network  is  the  input  of  the  problem. 
Based  on  an  adjustment  by  variation  of  coordinates,  this  accuracy  can  be  defined 
by  the  dispersion  matrix  Q x  of  the  point  coordinates.  If  A  is  the  matrix  of 
observation  equations  with  arbitrary  rank  (configuration  matrix,  first-order  design 
matrix)  and  P  the  unknown  weight  matrix  of  the  observations,  then  the  second- 
order  design  problem  is  posed  by 

A'PA=Q-=PX,  (1) 

where  Qx  is  a  symmetric  generalized  inverse  of  Q  x,  usually  the  pseudoinverse  Q^ 
HQX  has  arbitrary  rank,  or  Q x*  if  Q x has  full  rank. 

Bossier  et  al.  (1973)  solved  equation  (1),  using  the  well-known  Kronecker 
product: 

(A'®A')p=q.  (2) 
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The  vectors  p  and  q  are  columnwise  mappings  of  the  left  lower  halves  of  P 
and  Pj,  using  the  symmetry,  therefore  A'  <8>  A'  is  not  a  complete  Kronecker 
product,  we  might  call  it  a  half  Kronecker  product.  The  solution  of  (2)  is  a 
correlated  weight  matrix  P,  which  is  hardly  to  realize  by  practical  measurements. 

To  avoid  this  disadvantage,  Grafarend  (1975)  introduced  the  Khatri-Rao 
product  (Rao  and  Mitra  1971:  12-13),  which  allows  to  design  P  in  a  diagonal  or 
block-diagonal  structure,  if  A '  is  partitioned  in  a  corresponding  way.  If  this 
partitioning  is  done  in  single  columns,  we  get  a  correlation  free  solution 

(A'OA')p  =  q,  (3) 

where  q  has  the  same  meaning  as  in  (2)  and  p  contains  only  the  diagonal  elements 
of  P.  We  can  specify  this  special  product  as  a  columnwise  partitioned  half  Khatri- 
Rao  product. 

Moreover,  Schaffrin  et  al.  (1978)  present  the  canonical  formulation  of  the 
second-order  design  problem 

(AU)'PAU  =Z'PZ  =D  (4) 

based  on  the  singular  value  decomposition  Px  =  UDU\  where  D  is  the  diagonal 
matrix  of  the  eigenvalues  and  U  the  orthogonal  matrix  of  the  eigenvectors  of  P s. 
The  solution  is  given  by 

(Z'OZ')p  =d,  (5) 

where  Z'  O  Z'  again  is  the  columnwise  partitioned  half  Khatri-Rao  product  and  d 
the  vector  with  the  columnwise  mapped  half  of  D.  This  canonical  formulation  has 
the  advantage  to  be  most  general  and  to  allow  consistency  analyses  of  equations  (4) 
or(l). 

If  the  second-order  design  shall  succeed  in  the  future,  it  is  necessary  to 
develop  numerical  solution  strategies  for  the  final  equations  (3)  or  (5),  which  are 
comparable  to  the  efforts  for  efficient  adjustments  of  large  networks. 

In  contrast  to  Grafarend  (1975),  who  proposed  to  change  from  equation  (3)  to 
a  system  of  inequalities,  solvable  by  methods  of  linear  programing,  Schmitt  et  al. 
(1978)  solve  the  final  equation  (3)  or  (5)  by  matrix-technical  strategies,  using  the 
pseudoinverse: 

p=(A'OA')+q     or     p=(Z'OZ')+q> 

The  computation  of  pseudoinverses  is  rather  expensive.  Therefore  the  purpose 
of  this  paper  is  the  development  of  efficient  solution  strategies  for  equation  (3), 
taking  into  account  a  rank  or  defect  analysis  of  ,4'  QA'  based  on  the  network 
configuration.  The  canonical  formulation  (4)  leading  to  the  final  equation  (5)  is  not 
considered,  because  the  numerical  expense  for  the  computation  of  the  eigenvalues 
and  eigenvectors  of  Px  seems  to  be  unreasonable. 

Schmitt  (1977)  showed  that  the  columnwise  Khatri-Rao  product  in  (3)  is 
nothing  else  than  an  elementwise  identification  of  the  matrices  A'PA  and  P.  That 
means  that  each  vacant  coefficient  in  the  matrix  of  normal  coefficients  leads  to  a 
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zero-row  in  A '  O  A ',  which  is  occupied  by  zero  coefficients  only.  Looking  at  the 
configuration  of  the  network,  it  is  possible  to  determine  these  coefficients  of  the 
normal  equations  beforehand  and  to  eliminate  the  corresponding  rows  in  the 
Khatri-Rao  product.  The  results  of  this  process  are  the  reduced  Khatri-Rao  product 
C  and  the  final  equations 


Cp  =  q, 


(6) 


in  which  the  vector  q  too  is  reduced  by  those  elements  which  correspond  to  the 
vacant  coefficients  in  the  normal  equations.  The  final  matrix  C  has  m  rows  and  n 
columns  (n  =  number  of  observations).  In  the  most  cases  m  >  n  is  valid,  the 
number  of  nonzero  coefficients  in  the  normal  equations  is  higher  than  the  number 
of  observations.  Subsequently  we  get  for  (6)  a  general  least-squares  solution 


p  =  (C'C)  C'q,  (Cp  —  q)'  (Cp  -  q)  — ►  min.  andp'p 


mm. 


(7) 


with  the  special  case 

p  =  (C'C)-*  C'q,  (Cp  -  q)'  (Cp  -q)^  min.  (8) 

if  the  number  of  independent  rows  in  C  is  not  less  than  n,  the  rank  of  C  is  r{C)  =  n. 


Defect  Analysis  of  Distance  Networks 

The  number  of  independent  rows  in  C  defines  the  rank  of  the  least-squares 
solution  (7)  or  of  a  minimum-norm  solution  p  =  (CC')q,  p'p  — *  min.  in  the 
exceptional  case  m  <  n.  The  number  of  independent  rows  in  C  can  be  determined 
by  studying  the  dependency  of  the  coefficients  /V  ik  of  the  normal  equations 

Local  row  defect 

**R  A  distance  measurement  between  the  new  points  P1 
and  P2  has  as  a  result  the  following  coefficients  in  the 
mixed  block  of  the  normal  equations: 


^^2  =    ~sin2??12-Ps12, 
Wx,x2  =    ~COs2<Pl2'Ps    tN. 


^l/ix2  =  N  x?2 


sin  <fl2  '  cos  <p12 


The  corresponding  four  rows  in  C  have  only  one  nonzero  coefficient  in  the  same 
column. 
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Each  distance  between  two  new  points  generates  4  rows  in  C  with  the  local 
row  defect  dx  =  3. 

Regional  row  defect 

9  If  k  distance  measurements  are  projected  between  P ', 

2  P  and  the  points  Ph  where  all  the  points  are  new  points, 

*3  then  the  mixed  normal  equation  blocks  are  as  above. 


/ 

r\ii  / 


«*"/       ."*/  NKil>l=  -sinVif-P.,,,  AT,,,,  =  -cos*Vli-Pv 

',        / 

I  /  N  »tI,  =  Nxt)  =  -sin  sc,,-cos  v>i,/\„- 

1/     -s14"__0 


y 

The  coefficients  in  the  diagonal  block  of  point  Pl  are — considering  the  symmetry — 

N„,y,  =  1  <fa'Vtl-Phl,NVl  =  I  cosVu-/\11, 

i  / 

^J"ii/i  =   2   sin  ^lf'COS  (f>u-PSir  (10) 

Between  the  coefficients  of  the  diagonal  block  and  those  of  the  mixed  blocks  the 
following  relations  hold: 

/V       =-V/v        A^        =  -  V  N 

/  /' 

The  connection  by  distance  measurements  of  a  new  point  to  other  new  points 

only  results  in  a  regional  row  defect  dr  =  3  in  the  corresponding  rows  of  C. 

A  group  of  k  distances  to  point  P  x  produces  in  the  matrix  C  3  rows  for  the 
diagonal  block  of  Px  and  4  •  k  rows  for  the  mixed  blocks.  Their  local  defect  is 
dx  =  3  •  k  and  the  regional  defect  dr  =  3,  so  only/:  rows  are  independent. 

There  will  be  no  regional  defect  if  one  of  the  points  is  introduced  as  control 
point.  In  networks  with  control  points  there  can  occur  additional  dependencies 
called  symmetrical  defects  which  are  produced  by  symmetrical  network  configura- 
tions. Examples  shall  be  given  in  a  subsequent  publication,  for  this  time  we  will 
concentrate  upon  free  networks. 

Solution  strategy  for  a  free  distance  network 

The  smallest  useful  free  distance  network  is  the  triangle  with  n  =  3 
observations  and  m  =  6  coordinate  unknowns.  The  normal  equation  matrix  of  an 
adjustment  by  variation  of  coordinates  is  fully  occupied,  C  therefore  has  the 
dimension  o(C)  =  m  •  (m  +  l)/2  x  n  =  21  x  3.  Referring  to  the  statements  in  the 
previous  section,  C  has  a  local  defect  of  3  •  3  =  9  and  a  regional  defect  of  3  •  3  =  9, 
too.  The  number  of  independent  rows  21-18-3  is  identical  to  the  number  of 
unknown  weights.  It  follows  that  the  second-order  design  problem  has  a  regular 
least-squares  solution  according  to  (8). 
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Claim:    The  second-order  design  of  a  free  network  has  a  regular  least-squares 
solution  according  to  (8). 

Proof:     The  triangle  as  smallest  useful  free  distance  network  is  extended  by  one 
more  point,  which  is  connected  to  the  existing  points  byy  distances. 

The  reduced  Khatri-Rao  product  C  now  has 

(a)  3  further  rows  resulting  from  the  new  diagonal  block,   with  a  regional 
defect  dr  =  3, 

(b)  4  •  j  further  rows  resulting  from  the  new  mixed  blocks,  with  a  local  defect 
dx  =  3  •  j. 

Altogether,  C  includes  4  •  y  +  3  further  rows,  but  only  j  of  them  are 
independent  ones.  The  conclusion  is  that  the  second-order  design  of  the  extended 
network  has  a  regular  least-squares  solution,  too.  This  extension  procedure  may  be 
repeated  in  any  way  without  reaction  upon  the  type  of  solution. 

With  the  knowledge  that  the  second-order  design  of  a  free  distance  network  in 
any  case  has  a  regular  least-squares  solution  according  to  (8),  we  have  the 
possibility  to  develop  a  numerically  efficient  solution  strategy.  Hereby,  we  can  look 
for  analogies  to  the  least-squares  adjustment  process. 

As  a  first  point,  we  do  not  need  a  complete  computation  and  storing  of  the 
reduced  Khatri-Rao  product  C.  We  can  build  up  directly  the  "normal  equations" 
C'C  of  our  optimization  process  and  the  values  of  C'q  by  the  single  rows  of  C, 
using  (9)  for  all  the  projected  distances  and  (10)  for  all  the  points.  (9)  influences 
only  the  diagonal  elements  of  C'C,  (10)  determines  also  the  coefficient  structure 
out  of  the  main  diagonal.  Similarly  to  the  coefficient  structures  of  A  'PA  in  a 
network  adjustment,  special  structures  of  C'C  can  be  obtained  by  reordering  the 
unknown  observational  weights  in  a  suitable  manner. 

For  example,  the  network  in  figure  1  leads  to  the  sparse  band-structured 
matrix  C'C  shown  in  figure  2.  To  solve  equation  (8),  we  need  a  storage  of  about 
1,200  places,  and  approximately  11,000  operations  have  to  been  carried  out  by  use 
of  a  band-algorithm.  Obviously,  the  expense  of  the  solution  can  be  reduced  by 
applying  modern  sparse-technics,  as  they  are  presented  for  example  in  Schek  et 
al.  (1977). 

This  example  shows  that  the  numerical  effort  for  the  solution  of  the  second- 
order  design  problem  in  a  free  distance  network  is  throughoutly  comparable  to  that 
of  the  network  adjustment  itself. 

Orientation  Unknowns  in  Triangulation  Networks 

In  contrast  to  distance  networks,  the  adjustment  of  triangulation  networks 
includes  unknowns  of  different  types:  the  coordinate  unknowns  of  the  new  points 
and  the  orientation  unknowns  of  the  sets  of  directions.  An  important  background 
of  the  second-order  design  is  the  interpretation  of  geodetic  networks  as  stochastic 
processes.  Their  coordinate-dispersion  matrix  Q x  is  designed  by  special  types  of 
longitudinal  and  lateral  correlation  functions.  (See  Schmitt  et  al.  1978  or  Schmitt 
1977.)  The  problem  in  a  triangulation  network  is  how  the  orientation  unknowns 
should  be  treated  in  this  concept;  what  correlations  are  desirable  between  the 
orientation  unknowns  themselves  and  between  orientation  unknowns  on  the  one 
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Figure  1. — Free  distance  network.  The  numbering  of  the  distance  corresponds  to  the  positions  of 

their  weights  in  the  vector  p. 


side  and  coordinates  on  the  other  side?  Another  important  aspect  is  that  the 
introduction  of  an  individual  weight  for  each  direction  certainly  leads  to  the  best 
possible  accuracy  estimation,  but  that  only  one  common  weight  for  a  set  of 
directions  is  practicable  to  project  real  measurements.  It  follows  a  compilation  of 
the  possibilities  to  handle  the  orientation  unknowns  both  for  individual  and 
common  weights. 
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FIGURE  2. — Structure  of  C'C  in  solving  the  second  order  design  problem  lor  the  free  distance  network 

in  figure  1  (bandwidth  1  =  17). 

Elimination  and  Common  Weights 

If  for  each  set  of  directions  a  common  weight  is  introduced,  the  easiest 
concept  to  handle  the  orientation  unknowns  is  their  previous  elimination  by  means 
of  Schreiber's  fictitious  observation  equation.  Then  the  dispersion  matrix  Qx  is 
referring  to  the  coordinates  only  and  the  Khatri-Rao  product  (3)  is  based  on  the 
reduced  observation  equations.  Its  original  shape  has  to  be  modified  by  summing 
up  all  the  columns  related  to  the  directions  of  one  set  to  one  column  for  the 
corresponding  common  weight. 

Elimination  and  Individual  Weights 

If  each  direction  is  introduced  with  an  individual  weight,  the  orientation 
unknowns  can  be  eliminated  by  a  "reducing  weight  matrix"  (Welsch  1975).  The 
diagonal  weight  matrix  P  in  the  concept  of  an  uncorrelated  adjustment  is  replaced 
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by  a  block-diagonal  matrix.  Each  block  in  P  represents  the  contribution  of  one  set 
of  directions,  as  example  the  block  of  set  No.  j  with  3  directions: 

1  /    Pn       Pn'Pj2    Pji'Pj3\ 

Pjl'Pj2  Pj2  PilPi-A 


(Pn 

0 

0 

Pj  = 

\  ° 

Pit 

0 

\0 

0 

Pr. 

sp  (Pj) 


Pn'Piz    Pj2'Pr.i       P% 


The  solution  of  equation  (1)  by  (3)  for  a  block-diagonal  P  is  possible  if  the 
partitioning  of  A'  is  done  with  respect  to  the  numbers  of  directions  of  the  different 
sets: 

A    —  {Al     A2      Aj      ), 

the  partitioning  is  the  same  as  the  setwise  subdivision  of  the  observation  equations. 
The  problem  is  that  the  elements  of  the  submatrices  Pj  are  not  independent  from 
each  other.  If  one  set  is  composed  by  i  directions,  the  corresponding  reducing 
weight  submatrix  brings  up  i  •  (i  +  l)/2  unknowns  in  the  final  equations,  consid- 
ering the  symmetry.  But  only  i  unknowns  are  independent  ones;  the  connections 
between  all  the  elements  are  given  by  i  •  {i  —  l)/2  partly  linear,  partly  nonlinear 
equations.  It  follows  that  the  least-squares  solution  of  the  final  equations  has  to  be 
extended  by  a  lot  of  additional  constraints.  Concerning  the  numerical  expense  for 
such  a  solution,  the  concept  of  elimination  and  individual  weights  is  standing  in  a 
bad  ratio  to  the  adjustment  itself. 

Correlated  Angles 

Another  concept  to  avoid  orientation  unknowns  is  to  derive  angles  from  a  set 
of  directions  and  to  introduce  them  as  correlated  observations  into  the  network. 
The  number  of  rows  in  A  is  smaller  than  in  the  case  of  direction  observation 
equations.  The  diagonal  correlation  submatrices  in  P  require  a  partitioning  for  the 
computation  of  the  Khatri-Rao  product  which  is  similar  to  that  in  the  previous 
chapter.  The  dependencies  of  the  elements  in  the  submatrices  of  P  leads  to  the 
same  difficulties;  for  the  solution  of  the  final  equation  additional  constraints  have 
to  be  introduced,  although  in  a  smaller  number  than  in  the  previous  concept. 

Extracted  Khatri-Rao  Product  and  Individual  Weights 

If  the  orientation  unknowns  are  not  eliminated  previously,  we  are  obliged  to 
make  statements  concerning  the  correlations  between  the  orientation  unknowns 
themselves  and  between  orientation  unknowns  and  coordinates.  One  trivial  but 
suitable  way  is  to  identify  the  auto-correlation  of  the  orientation  unknowns  with  the 
value  one  and  the  cross-correlations  between  the  different  orientation  unknowns 
and  between  orientation  unknowns  and  coordinates  with  zero.  Consequently,  the 
dispersion  matrix  falls  into  block-diagonal  submatrices  and  its  inversion  is 
restricted  to  the  inversion  of  the  complete  submatrix  of  the  coordinate  dispersion, 
independent  from  the  grouping  of  the  unknowns.  Because  of  the  uncertainty  of  the 
correlation  statements  for  the  orientation  unknowns,  a  columnwise  partitioned 
Khatri-Rao  product  can  be  built  up,  which  is  considering  the  coordinate-related 
coefficients  only,  a  so-called  "extracted"  Khatri-Rao  product. 
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Rank  Analysis  and  Solution  Strategy  for  a  Free 
Triangulation  Network 

We  base  the  rank  analysis  on  the  last  concept,  the  extracted  Khatri-Rao 
product  for  individual  weights.  As  in  a  distance  network  a  one-sided  direction 
observation,  due  to  the  coefficients  of  the  mixed  block  Px  —  P2  in  the  normal 
equations 
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leads  to  a  local  row  defect  dx  =  3  in  the  extracted  Khatri-Rao  product  C 
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a  regional  row  defect  dr  =  3  in  C. 


A  special  case  is  coming  up  if  a  bilateral  direction 
observation  is  projected  between  P,  and  P2.  Here  the 
coefficients  in  the  diagonal  blocks 


#„,„,  =Ny2y2  =  cos2  <pl2-p2-(pri2  +   rJs\2, 

NXlXi    =  NX2X2   =  Sin2  ifl2'p2-(Prl2   +  Pr21)/5?2» 

Wr,!/,  =  #r8i/2  =   -  sin  V^i2  'COS  <£12   p2'ipri2  +  PrJ/s 

and  those  in  the  mixed  blocks  of  the  normal  equations 


/V, 


COSV12  'P2'(Pr12  +  PrJ/Sv. 


NXlj.2  =   ~  Sin2  <fl2'p2'{Prl2  +  Pr2)ls\2, 

Nyxs2  =Ns1y2  =  sin^12-cos^12-p2-(pri.,  +pr.2l)/522 

illustrate  a  model  defect.  Only  the  weight  sum  of  the  bilateral  directions  can  be 
estimated  regularly.  If  both  weight  factors  are  introduced,  a  minimum-norm 
solution  results  with  pr     =  pr  . 

Each  bilaterally  projected   direction   observation   leads  to  a  model  (column) 

defect  dm  =  1  in  the  extracted  Khatri-Rao  product  C. 


O  p 

/  Y3 


The  smallest  useful  free  triangulation  network  is 
shown  in  the  neighbouring  figure.  With  n  =  4 
observations  and  m  =  6  coordinate  unknowns, 
the  extracted  Khatri-Rao  product  has  the  dimen- 
sion o(C)  =  m  •  (m  +  1)12  x  n  =  21  x  4.  The 
local  defect  in  C  is  dx  =  9,  just  so  the  regional 
defect  dr  —  9,    so  the   number  of  independent 
P      rows    in   C    is   21  —  18  =  3.    Because   of  the 
bilateral  direction  between  Pl  and  P2  a  model 
defect  dm  =  1  is  occurring. 
The  column  and  row  rank  of  C  is  r{C)  =  3,  we  get  a  minimum-norm  least- 
squares  solution  according  to  (7)  with  the  defect  d  =  1  in  C'C. 

Extending  this  triangle  by  new  points  and  analyzing  the  additional  rows  and 
defects  in  C,  it  can  be  shown — analogously  to  free  distance  networks — that 
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the  second-order  design  of  a  free  triangulation  network,  introducing  individual 
weights  and  using  the  coordinate-related  extended  Khatri-Rao  product,  has  a 
minimum-norm  least-squares  solution  whose  defect  of  C'C  is  equal  to  the 
numbers  of  bilaterally  projected  direction  observations. 

This  numerically  troublesome  defect  can  be  avoided  by  introducing  the  weight 
sums  p  r  +  p  rk.  as  new  unknowns.  In  this  manner,  the  number  of  columns  in  C  is 
reduced  to  its  column  rank  and  we  get  a  regular  least-squares  solution  according  to 
(8). 

Introducing  the  weight  sumpr  +  pr  for  each  bilaterally  projected  direction 
observation,  the  second-order  design  of  a  free  triangulation  network—under 
the  same  assumptions  as  in  the  above  statement — has  a  regular  least-squares 
solution. 

This  statement  allows  us  to  develop  efficient  solution  strategies  for  equation 
(8),  similarly  to  the  reflections  on  free  distance  networks. 

Finally  we  can  say  that  if  individual  weights  are  introduced  in  the  second- 
order  design  of  a  free  triangulation  network,  the  strategy  of  neglecting  the  cross- 
correlations  between  the  orientation  unknowns  themselves  and  between  orientation 
unknowns  and  coordinates  and  using  the  extracted  Khatri-Rao  product  seems  to  be 
numerically  most  efficient.  If  common  weights  are  introduced  for  the  directions  of 
a  set,  one  should  eliminate  the  orientation  unknowns  and  work  with  the  reduced 
observation  equations.  Both  strategies  lead  to  regular  least-squares  solutions  which 
are  suited  to  be  carried  out  in  a  numerically  efficient  way. 
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Abstract:  Following  a  short  historical  review,  the  paper  informs  about 
the  new  horizontal  network  implemented  in  Hungary  in  the  postwar 
period.  Its  structure,  its  main  characteristics,  its  new  and  independent 
adjustment,  and,  furthermore,  some  results  based  on  examinations  on  its 
accuracy  are  involved.  New  concepts  (e.g.,  Doppler  measurements, 
stellar  triangulations)  aiming  at  the  future  refinement  of  the  network  are 
outlined.  The  importance  of  the  scientific  issue  involved  is  emphasized  by 
the  fact  that  the  reconstruction  of  all  the  geodetic  fundamentals,  large- 
scale  and  topographic  map  systems  of  the  government  included,  is  on  the 
agenda  in  Hungary.  In  the  framework  of  this  reconstruction  program, 
until  now,  the  new  geodetic  reference  ellipsoid  was  adopted,  the  first- 
order  horizontal  network  was  'en-bloc'  adjusted  and  a  new  and  homoge- 
neous projection  plane  was  created.  Essentially,  that  part  of  the  recon- 
struction program  which  is  in  close  connection  with  the  horizontal 
networks  has  been  already  accomplished.  The  reconstruction  of  the 
topographic  maps  and  that  of  the  large-scale  maps  will  be  carried  out  up 
to  1990  and  afterwards,  respectively. 

Introduction 

The  first  initiations  to  triangulate  Hungary's  territory  date  back  to  as  early  as 
the  18th  century.  The  first,  nationwide  triangulation  work,  however,  started  in 
1807  and  was  going  on  up  to  the  end  of  World  War  I.  This  work  was  carried  out  by 
the  Geographical  Military  Institute  acting  under  the  late  Austro-Hungarian  Mon- 
archy. In  the  course  of  the  operations,  triangulation  chains  were  formed. 
Unfortunately,  these  triangulations  were  not  homogeneous  and  the  work  was 
repeatedly  interrupted.  The  accuracy  of  the  determinations  conformed  to  the 
technical  conditions  of  that  time.  The  relatively  reliability  calculated  after  the 
adjustment  was  planned  to  be  1:140  000,  but  the  following  measurements 
confirmed  only  a  reliability  value  of  1:50  000. 

Between  the  two  world  wars  the  triangulations  were  resumed  in  Hungary. 
This  program  aimed  at  establishing  a  contiguous  (covering  the  whole  area)  first- 
order  astrogeodetic  network  over  the  country's  whole  territory.  The  reliability  of 
angular  measurements  was  characterized  by 

fM  Ferrero  =  ±  0,55". 
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Precise  base  line  measurements  and  astronomical  position  determinations 
were  also  carried  out.  Up  to  the  end  of  World  War  II  about  75  percent  of  the  tasks 
were  completed.  Beyond  this  work  second-order  and  third-order  triangulation  was 
also  executed.  Unfortunately,  because  of  the  war  events,  most  measurement  and 
calculation  records  were  lost  or  destroyed.  Thus,  in  the  postwar  period  the 
triangulation  work  had  to  be  restarted.  Then,  to  meet  urgent  demands,  a  first- 
order  triangulation  chain  was  formed,  as  can  be  seen  in  figure  1. 

The  two  closed  triangulation  chains  contained  109  points.  Within  the  triangu- 
lation chain  6  base  lines  and  15  Laplace-points  were  measured.  On  the  areas 
encompassed  by  the  chains  only  a  third-order  network  was  created.  Using  the 
measured  angles  of  the  third-order  network  fictive  first-order  angles  were  derived. 
We  adjusted  the  first-order  chain  (on  the  ellipsoid,  with  the  correlate  method)  and 
the  filling-in  network  separately.  (The  latter  was  adjusted  by  the  coordinate  method 
on  the  projection  plane.) 

In  later  years  further  precise  angular  measurements  and  determinations  of 
several  first-order  side  length  using  electro-optical  distance  instruments  as  well  as 
astronomical  position  determinations  were  carried  out.  These  all  together  made 
possible  to  create  a  contiguous  astrogeodetic  network  meeting  all  the  current 
requirements  in  Hungary  as  well  as  to  readjust  it  as  a  whole. 


FIGURE  1.— Primary  chain  framework  of  the  Hungarian  triangulati 


New  Horizontal  Geodetic  Network  of  Hungary  569 

The  following  presentation  will  be  focused  on  the  new  Hungarian  network 
created  as  outlined  in  the  preceding  section  moreover,  some  future  concepts  on 
the  network  will  also  be  outlined. 

Mention  must  be  made  about  the  fact  that  not  only  a  first-order  geodetic 
control  network  is  at  our  disposal  in  Hungary,  but  a  homogeneous  third-order 
control  point  network,  too.  Moreover,  the  creation  of  the  fourth-order  network  is 
under  progress,  as  well.  In  this  paper  a  brief  account  is  given. 

The  New  Fundamental  Horizontal  Network 

The  new  first-order  network  is  shown  in  figure  2.  We  represented  with  full 
line  the  first-order  sides,  the  angles  between  which  were  directly  measured  and 
with  dashed  line  (dash-dot-dash)  those,  the  angles  between  which  were  derived 
from  the  measured  third-order  angles. 

In  figure  2  are  shown:  the  Laplace-points  as  well  as  the  directions  the  azimuth 
of  which  was  determined  using  precise  method;  the  baselines  and  the  first-order 
sides  the  length  which  were  measured  by  the  means  of  electro-optical  distancers. 

The  whole  first-order  network  contains  150  control  points  and  23  measured 
first-order  sides.  Thirty-seven  points  from  among  the  control  points  simultaneously 
serve  as  Laplace-points.  The  mean  length  of  the  first-order  sides  was  25-30  km. 
There  were  40  measured  azimuths. 

The  reliability  of  the  first-order  network  derived  from  the  adjustment  can  be 
characterized  by: 

jx  direction  =  ±  0,434" 
ix  Ferrero  =  ±  0,406". 

In  the  first-order  network  the  distribution  of  the  closure  errors  of  the  triangles 
in  conformity  of  their  plus-minus  signs  is  shown  in  figure  3.  The  hatching  indicates 
the  misclosures  of  the  positive  sign;  the  blank  parts  represent  that  of  the  negative 
sign. 

Figure  4  shows  the  triangles,  the  angular  misclosure  of  which  exceeded  1". 
The  positive  and  negative  signs  of  the  misclosures  are  figured  in  hatching  and 
cross-hatching  way,  respectively. 

Based  on  the  37  Laplace-points,  the  average  values  of  the  mean  errors  of  the 
geographical  coordinates  are  as  follows: 

l*4>=  ±0,08" 

fxK  =  ±  0,06"  and 

ixa=  ±0,14". 
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The  mean  value  of  18  azimuth  differences  resulted  from  reciprocal  observa- 
tions is  0,57";  and  the  maximum  differences  is  1,46". 

The  length  of  the  first-order  sides  was  measured  by  EOD-1,  AGA  6A,  or  AGA 
6A  distancers.  Most  sides  were  measured  using  two  types  of  distancers.  The 
measurements  were  carried  out  and  repeated  18  times.  The  mean  value  of  the 
standard  error  of  the  side  lengths  calculated  on  the  basis  of  dispersion  was: 

V<D-mean  =    ±  3,6  mm, 

and  the  maximum  of  the  standard  error: 

VD-mas  ~  ±  6,1  mm. 

The  third-order  network  based  on  the  first-order  network  consists  of  2,126 
points.  Their  average  side  length  is  7  to  8  km.  The  average  value  of  the  standard 
errors  of  the  directions  calculated  from  the  adjustment  is 

li  average  of  directions  =  ±  0,608". 

It  is  noted  that  the  fourth-order  triangulation  works  are  at  present  under 
progress  in  Hungary.  The  way  of  determination  is  either  triangulation,  or  traverses 
of  long  sides  (depending  on  the  terrain  condition).  Using  the  latter,  the  distances 
between  the  traverse  points  are  measured  with  AGA-6,  or  AGA-6A  distance 
meters.  For  the  fourth-order  network,  the  density  of  the  points  prescribed  in 
regulations  is: 

for  inhabited  areas  2  point/km2 

for  agricultural  areas         0.5  point/km2. 

The  accuracy  requirements  for  the  network  enables  the  attainment  of  a 
relative  reliability  of  1:50  000,  as  a  minimum.  Until  now  the  fourth-order  horizontal 
network  has  been  completed  in  about  half  of  Hungary's  territory  (Hungary's  total 
area:  93  000  km2). 

The  Adjustment  of  the  Network 

In  the  course  of  carrying  out  the  new  work,  the  network  was  adjusted 
independently  by  the  means  of  relative  orientation.  The  point  "Szolohegy"  was 
assumed  for  the  astronomic  zero  point  of  the  network.  The  "Szolohegy-Erdohegy" 
side  was  distinguished  as  the  side  of  orientation  of  the  network. 

The  new  ellipsoid  of  rotation  proposed  by  IAG  on  its  plenary  session  in  1967 
for  the  member-states  was  applied  to  the  adjustment.  Simultaneously  a  new 
projection  plane,  recessed  cylindrical,  angularly  faithful,  with  nonparallel  axis  with 
the  axis  of  the  Earth  was  applied  to  Hungary,  which  enabled  the  complete  area  of 
the  country  to  be  mapped  on  a  single  projection  plane.  This  new  projection  is 
called  "Homogeneous  National  Projection."  (Its  acronym  from  the  Hungarian  term 
is  EOV.) 

The  first-order  network  was  adjusted  by  the  correlation  method.  There  were 
464  condition  equations.  The  weight  of  the  direction  measurements  and  that  of  the 
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sides  measured  by  distance  meters  was  assumed  1  and  oo,  respectively.  The 
computation  of  the  adjustment  was  carried  out  by  an  ICL  System  4/70  computer. 
This  adjustment  yielded  the  value  ±  0,434"  mentioned  previously  for  the  standard 
error  of  unit  weight.  In  the  course  of  the  adjustment  maximum  correction  of 
direction  was  0,824". 

Having  finished  the  computations  of  the  ellipsoidal  coordinates  of  the  first- 
order  points,  we  computed  coordinates  for  them  on  the  new  projection  plane. 
Based  on  these  coordinates,  the  third-order  network  was  also  adjusted.  The  latter 
operation  was  executed  on  the  new  projection  plane  and  by  coordinate  adjustment 
method. 

The  Foregoing  Error  Analysis  of  the  Geodetic  Horizontal 
Network 

Following  the  adjustment  operations  of  the  new  horizontal  network,  the 
characteristics  of  the  network  have  been  analysed  several  times. 

The  Geodetical  and  Geophysical  Research  Institute  of  the  Hungarian  Academy 
of  Science,  Sopron,  examined  the  weight  relationship  based  on  the  geometric 
characteristics  (or  point  distribution)  of  the  network.  The  most  important  results  of 
the  examinations  are  the  absolute  error  ellipses  shown  in  figure  5.  As  can  be  seen, 
the  error  ellipses  as  located  further  from  a  centre  point  assumed  as  errorless  are 
growing  in  size.  The  size  of  the  error  ellipses  drawn  at  the  scale  applied  to  figure 
5  should  be  multiplied  by  the  standard  error  of  the  measurement  of  unit  weight. 

Figure  6  shows  the  relative  error  ellipses  of  the  new  network.  To  this 
representation  a  computer  program  named  "GALS,"  written  in  Canada  was 
applied.  On  the  basis  of  figure  6  we  established  the  following: 

(1)  The  results  of  measurements  have  a  clear-cut  local  character. 

(2)  On  the  average,  a  standard  error  of  ±  63  mm  can  be  expected  for  a  side  of 
30  km. 

(3)  The  maximum  value  of  the  standard  error  is  ±  120  mm. 

The  corrections  resulted  from  the  adjustment  were  also  analysed  in  a 
mathematical  statistical  way  (Bartlett-test).  Its  result:  no  inconsistency  was  found 
with  a  95  percent  probability  significance  between  the  directions  of  the  primary 
chain  framework,  that  of  the  filling-in  network,  that  of  the  joining  triangles,  and 
the  corrections  derived  from  the  astronomical  aggregates.  Consequently,  the 
measured  data  originate  from  a  homogeneous  system  at  a  95  percentage  of 
probability. 

Following  the  adjustment,  six  sides  of  the  third-order  network  were  postmeas- 
ured:  this  operation  offered  a  possibility  to  compare  the  values  of  the  sides 
measured  directly  with  the  values  of  the  same  sides  calculated  from  the  coordinates 
adjusted.  The  results  are  presented  in  table  1.  When  singling  out  the  sides,  we 
intended  to  choose  and  examine  sides  from  such  network  parts  which  have  lower 
quality. 

The  standard  errors  of  the  second  column  of  the  table  are  derived  from 
measurements  executed  by  electro-optical  distance  meters. 

As  can  be  recognized,  the  relative  errors  do  not  exceed  the  value  of  1/100  000 
in  this  examination. 
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TABLE  1. — Comparison  of  the  third-order  sides. 


Mean  error 

Discrepance  between 

of  the 

the  measured  and 

Length  of 

measured 

calculated  values 

side 

distances 

of  distances 

(km) 

(±  mm) 

(mm) 

Relative  error 

7.4 

0.7 

-  69 

1/107,200 

6.4 

1.7 

-21 

1/305,500 

8.8 

2.3 

-32 

1/274,800 

6.8 

2.2 

+  7 

1/972,600 

4.2 

2.7 

-  16 

1/264,800 

8.1 

2.1 

+  27 

1/298,800 

10.8 

4.6 

+  23 

1/464,400 

Concepts  for  the  Future 

In  the  future,  on  one  hand,  we  go  on  analysing  the  characteristics  of  the  new 
horizontal  network;  on  the  other  hand,  we  intend  to  prepare  examination  programs 
by  the  means  of  which  the  new  network  can  be  particularly  examined  (moreover, 
improved,  if  necessary).  In  accordance  with  our  working  program,  an  experimental 
work  of  stellar  triangulation  will  be  carried  out  as  early  as  1978.  There  is  a  fair 
chance  a  network  containing  4  to  6  points  will  be  formed  and  determined  in  later 
years. 

Experimental  measurements  will  commence  by  the  means  of  a  JMR-1 
Doppler-instrument.  Later  on  (after  purchasing  further  Doppler-Instrumentation), 
the  Doppler  translocation  method  can  be  applied  in  Hungary. 

Conclusions 

In  the  postwar  period  a  completely  new  astrogeodetic  network  was  created  in 
Hungary.  The  network  was  adjusted  independently;  the  coordinates  were  also 
calculated  on  a  new  projection  plane. 

The  creation  and  the  independent  adjustment  of  the  network  should  be 
regarded  as  an  organic  part  of  a  general  geodetic  development  program.  This 
program  is  aimed  at  the  complete  reconstruction  of  the  geodetic  fundamentals  of 
Hungary,  so  not  only  the  geodetic  control  networks  but  the  modernization  of  the 
map  basis  are  involved  in  the  reconstruction. 

These  works  are  based  on  a  new  reference  ellipsoid  and  on  a  new, 
homogeneous  projection  system.  In  the  preceding  course  of  the  reconstruction 
program  the  geodetic  horizontal  network  has  been  completed.  The  completion  of 
the  new  map  basis  is  estimated  to  be  carried  out  during  the  next  two  decades. 
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Discussion 

Gergen:  How  is  the  homogeneity  of  the  network  assured  along  the  boundaries  of  the  neighboring 
countries?  The  ellipsoid  error  ellipses  displayed  looked  as  if  the  errors  were  pushed  into  the  neighboring 
countries. 

Joo:  The  results  of  this  exercise  pertain  only  to  an  adjustment  of  the  Hungarian  network.  So  this 
question  has  not  been  raised  there. 

Bossier:  What  are  the  spacing  and  accuracy  of  the  fourth-order  control  in  the  Hungarian  network? 

Joo:  The  overall  spacing  of  the  fourth-order  control  is  1.5  km  or  less  (1  point/2  km2),  except  for  urban 
areas  where  the  overall  spacing  is  0.6  km  (2  points/1  km2). 

The  fourth-order  control  network  is  ready  for  about  50  percent  of  the  country;  the  relative  accuracy 
of  the  points  is  ±  2  cm/km.  This  means  that,  at  most,  a  ±  3  or  4  cm  error  may  occur  in  nonurban 
areas.  We  frequently  use  the  polygonial  method  when  we  apply  electro-optically  measured  distances  of 
the  polygonial  sides.  We  create  nodal  points  within  the  networks  made  with  the  polygonial  method.  The 
spacing  also  is  4  to  6  km. 
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Abstract:  The  Northeast  Corridor  Improvement  Project  (NECIP),  a 
$1.82-billion  rehabilitation  of  the  Washington  to  Boston  rail  corridor, 
required  2,250  1"  =  40'  maps  and  900  second-order  control  points.  All 
maps  were  due  in  8  months,  which  required  surveys  to  be  completed  in  4 
months.  Maddox  &  Associates/Air  Survey  Corporation,  a  joint  venture, 
accomplished  the  task  in  1977.  This  paper  describes  the  management  and 
technical  effort  of  the  mapping  and  surveying  of  this  AMTRAK  corridor. 

Introduction 

The  Northeast  Corridor  Improvement  Project  was  established  in  1963  by  the 
Department  of  Commerce  to  investigate  the  problems  of  the  13  separate  railroad 
corporations  providing  modern  rail  services  over  the  oldest  rights-of-way  (ROW)  in 
the  United  States.  Initial  rail  movement  began  in  Quincy,  Mass.,  in  about  1829  and 
by  the  mid-1830's  rights-of-way  were  being  surveyed  throughout  New  England. 

Because  of  the  Penn-Central  Corporation  bankruptcy,  the  Congress  was 
persuaded  to  fund  in  1976  the  Railroad  Revitalization  and  Regulatory  Reform  Act 
to  improve  the  Northeast  Corridor  for  passenger  travel.  The  goal  was  to  travel 
from  Boston  to  New  York  in  3  hours  and  40  minutes,  and  New  York  to  Washington 
in  2  hours  and  40  minutes.  This  is  an  average  speed  of  120  mph  with  a  maximum 
speed  of  135  mph,  which  compares  to  Japan's  "Bullet  Train"  with  a  98  mph 
average,  and  an  130  mph  maximum  (fig.  1).  One  unique  feature  of  NECIP  is  that 
it  is  entirely  refurbishing  an  old  existing  rail  corridor,  whereas  all  other  modern, 
high-speed  rail  has  been  laid  over  new  rights-of-way. 

By  mid-1976,  the  Department  of  Transportation  through  the  Federal  Railroad 
Administration  had  selected  DeLeuw,  Gather  and  Company  of  Chicago,  111.  and 
the  Ralph  M.  Parsons  Company  of  Pasadena,  Calif.,  to  act  as  program  managers 
for  the  architectural,  engineering,  and  construction  phases  of  the  $1.82-billion 
project.  DeLeuw,  Cather/Parsons  (DCP),  a  joint  venture,  was  formed  to  manage 
the  NECIP  (fig.  2). 

In  March  1977,  Maddox  &  Associates  of  Bethesda,  Md.,  and  Air  Survey 
Corporation  of  Reston,  Va.,  under  the  joint  venture,  Maddox/Air  Survey  (MAS), 
was  designated  the  organization  to  provide  second-order  class  II  horizontal  and 
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Figure  1. 


vertical  control  and  1"  =  40'  topographic  maps  of  the  entire  456  miles  from  Boston 
to  Washington.  These  surveys  and  maps  would  provide  the  basis  for  the  140  design 
teams  in  route  realinements,  track  structures,  bridges,  electrification,  signalization, 
communications,  fencing,  grade  crossing  elimination,  station  improvement,  service 
facilities,  and  tunnel  repair  (table  1)  for  AMTRAK. 

A  quick  glance  at  the  overall  project  shows  the  following  construction: 

•  Modifying  or  moving  51  interlocks 

•  Rehabilitating  500  turnouts 

•  Track  undercutting  and  shoulder  ballast  cleaning  of  some  1,000  miles  of 
track 

•  Installing  400  miles  of  concrete  ties 

•  Installing  430  miles  of  continuous  welded  rail 

•  Laying  900,000  wooden  ties 

•  Surface  grinding  more  than  1,000  miles  of  rail 

•  Eliminating  or  insulating  all  joints 

•  Modifying  the  electrification  to  a  60  Hz,  25  Kv  unified  system 

•  Replacing  35  major  bridges 

•  Modifying  355  bridges 

•  Modifying  15  Northeast  Corridor  stations 

•  Eliminating  63  grade  crossings 

•  Establishing  13  maintenance-of-way  bases  for  maintaining  rolling  stock  and 
storing  cars  and  track  repair  supplies 

•  Modernizing  the  entire  signal  and  communication  system. 
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Table  1. — Major  types  of  activity  and  costs. 


Track  program 
requirements 


Cost 


Other  program 
requirements 


Cost 


Route  realinement 
Track  structures  _ 

Bridges 

Tunnels 

Grade  crossings    _ 


$165,000,000 

498,000,000 

246,000,000 

20,000,000 

4,000,000 

933,000,000 


Stations $242,000,000 

Fencing 53,000,000 

Electric  traction    256,000,000 

Communications  and  signaling  205,000,000 

Service  facilities 113,000,000 


869,000,000 


Total  cost 1,802,000,000 
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MAS  Management 

The  contract  for  the  mapping  and  surveying  of  NECIP  required  a  second- 
order,  class  II,  horizontal  and  vertical  control  survey  with  control  points  intervisible 
throughout  the  456  miles.  The  time  frame  to  complete  the  2,250  1"  =  40'  map 
sheets  was  8  months.  The  survey,  tailored  to  map  scheduling  requirements  had  to 
be  completed  in  4  months  on  an  active  rail  line. 

This  paper  is  concerned  primarily  with  the  role  of  managing  mapping  and 
providing  surveying  services  for  NECIP,  but  the  scope  of  the  NECIP  contract,  and 
the  stringent  time  constraints  for  completion  of  the  job  required  resources  beyond 
those  available  to  MAS  alone.  Therefore,  in  order  to  obtain  portions  of  the  contract 
that  were  within  their  capabilities,  it  was  necessary  to  bring  together  into  one 
organization  several  firms  whose  combined  resources  would  be  sufficient  to  handle 
the  full  project. 

Air  Survey,  which  specializes  in  topographic  mapping  services,  had  worked 
with  Maddox  &  Associates  during  the  previous  10  years  providing  surveying  and 
mapping  services  for  the  Washington  Metropolitan  Area  Transit  Authority's  rail 
project.  There  were  well-established  lines  of  communication  with  Air  Survey's 
officers,  and  both  firms  had  acquired  an  understanding  of  each  other's  operating 
methods.  However,  more  was  needed,  so  nine  subcontractors  were  contacted. 

Each  of  nine  subcontractors  had  worked  with  the  joint  venture  previously,  and 
each  had  work  experience  related  to  the  project.  Also,  a  project  director,  Joseph 
P.  Burns,  had  been  associated  with  the  joint  venture  in  the  past  and  had  extensive 
experience  related  to  the  NECIP  work.  Notice  to  proceed  occurred  on  March  25, 
1977. 

In  addition  to  the  need  for  technical  and  managerial  expertise  when  bidding 
on  a  contract  as  complex  as  the  NECIP,  the  Federal  Government  required  that  all 
firms  involved  make  a  high  degree  of  commitment  to  the  project.  The  Office  of 
Federal  Contract  Compliance  required  that  each  individual  firm  associated  with 
DCP  have  Affirmative  Action  Programs  for  minority  participation  in  project  work. 

The  presentation  also  noted  that  three  of  the  original  subcontracting  firms 
were  minority-owned  and  27  percent  of  the  employees  of  the  two  parent  firms  and 
those  of  the  consultants  were  minorities.  By  vigorously  observing  requirements  of 
the  Federal  Affirmative  Action  Program,  the  joint  venture  achieved  the  strongest 
minority  involvement  in  the  NECIP.  Its  high  degree  of  commitment  to  both  the 
project  and  minority  participation  was  a  substantial  factor  in  winning  the  NECIP 
contract. 

Before  completion  of  this  mapping  and  surveying  contract,  MAS  brought 
together  seven  surveying  and  five  mapping  companies  ^.nploying  a  total  of  560 
people.  It  is  a  tribute  to  the  safety  management  that  the  235,000  man-hours  spent 
on  the  right-of-way  produced  no  injuries  and  only  one  equipment  loss  of  $1,000. 


Geodetic  Control  Surveys 

Geodetic  control  surveying  procedures  (Federal  Geodetic  Control  Committee 
1974,  1975)  were  used  in  carrying  out  the  monumentation  and  coordination  of  the 
base  line  for  the  NECIP  project.  As  the  survey  was  to  be  accomplished  in  4 
months,  a  great  emphasis  was  placed  on  management.  We  successfully  completed 
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it  on  schedule.  National  Geogetic  Survey  standards  for  metropolitan  regions  were 
also  used. 

We  obtained  the  1:24,000  quadrangle  sheets  for  the  corridor  and  plotted  the 
route.  In  addition,  all  of  the  National  first-  and  second-order  horizontal  and  vertical 
control  points  along  the  route  had  been  collated,  indexed,  and  plotted  on  the  quad 
sheet.  Thus,  management  was  aware  of  the  density  of  control  needed  (which  is 
good  for  the  whole  duration  of  the  NECIP)  and  knew  exactly  what  was  involved  in 
tieing  into  this  control.  In  general,  access  was  good  for  the  entire  project  and  an 
average  spacing  between  control  points  in  the  cities  of  2,000  feet  and  a  spacing  of 
4,000  feet  outside  of  the  cities  was  accomplished.  In  Newark,  for  example,  we 
established  surface  control  points  for  approximately  1  mile  at  a  spacing  of  about 
300  feet.  Progress  was  very  slow  in  Baltimore,  since  MAS  ran  between  5  and  7 
miles  of  base  line  throught  the  city  streets.  From  New  York  City  to  the  Bronx,  the 
railroad  is  elevated,  and  the  baseline  had  to  be  run  outside  of  and  parallel  to  the 
right-of-way — a  slow  process.  From  New  Haven  to  Old  Saybrook,  the  track  bed  is 
narrow,  and  side  slopes  are  steep  and  cut  into  rock,  which  slowed  progress. 

The  original  estimate  of  establishing  approximately  800  control  points  was 
exceeded  by  20  percent.  The  existing  NOAA  control  was  recovered  by  a  two- 
person  recovery  crew  from  each  of  the  survey  firms  on  the  team.  Of  the  1,050 
benchmarks  and  124  monuments  selected  as  acceptable,  271  benchmarks,  and  33 
monuments  were  used.  During  this  period,  a  preliminary  control  layout  was  made 
on  the  quad  sheets  by  MAS  and  approved  by  DCP.  Four  three-person  reconnais- 
sance crews  then  established  the  exact  locations  for  monunents  to  stake  and 
flagged  them.  This  is  a  most  critical  item  of  work  because,  unless  the  most 
efficient  monument  layout  is  made,  a  great  deal  of  time  and  money  is  wasted  in 
followup  surveys  under  all  future  architectural-engineering  design  and  construction 
contracts. 

Bernstein  monuments  were  used  for  the  permanent  control  points.  These 
monuments  are  light,  easily  transportable,  and  can  be  set  in  minutes.  Upon 
completion  of  the  mark  setting,  all  of  the  control  points  were  referenced  in  the 
field  for  future  recovery. 

The  horizontal  and  vertical  observations  were  accomplished  in  accordance 
with  Federal  Geodetic  Control  Committee  (FGCC)  second-order,  class  II,  accuracy 
standards  (Federal  Geodetic  Control  Committee  1974,  FGCC  1975).  High-precision 
theodolites,  levels,  electronic  distance  measuring  equipment,  and  leveling  rods 
were  used  throughout.  All  equipment  was  calibrated  and  tested.  Four  horizontal 
positions  were  recorded  in  both  directions.  All  leveling  was  observed  and  recorded 
using  three-wire  methods.  Astronomical  observations  were  made  with  Wild  T-3 
theodolites.  All  leveling  was  adjusted  to  the  existing  first-  and  second-order  control 
net  along  the  right-of-way.  Horizontal  observations  were  tied  to  existing  control 
every  20  to  30  miles  along  the  route.  Astronomical  observations  were  recorded 
every  15  to  20  stations  between  tie-offs  to  the  national  control. 

Crews  of  four  to  six  persons  were  used  for  horizontal  control,  working  within 
8  to  10  feet  of  quiet  100-mph  Metroliners.  Observations  were  completed  between 
April  and  June  1977,  averaging  nine  observations  in  a  10-hour  day.  EDM  equipment 
was  used  to  tie  over  New  York  City  from  a  National  Geodetic  Survey  (NGS) 
monument  on  the  Empire  State  Building  to  New  Jersey  and  Queens.  Railroad 
police  protection  was  needed  on  some  parts  of  the  line,  especially  for  Polaris  shots. 
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As  field  observations  were  forwarded  to  the  home  office,  they  were  key- 
punched for  the  computer,  and,  as  control  lines  were  closed  out,  they  were 
adjusted  and  forwarded  to  the  mapping  consultants.  All  coordinate  values  were 
adjusted  in  a  computerized  least-squares  program  developed  by  NGS  and  were 
computed  in  the  respective  State  plane  datums.  A  special  datum  for  the  entire 
450-mile  corridor  was  established. 

The  procedure  for  conversion  to  a  single  datum  was  developed  for  the  Great 
Lakes  Survey  by  Ralph  Moore  Berry  of  NOAA.  It  is  based  on  the  Hotine  Skew 
Orthomorphic  Projection  (Berry  and  Bormanis  1977).  Since  95  percent  of  the  route 
falls  within  a  35-mile  band,  the  scale  factor  for  this  conversion  is  1:100,000 — well 
within  second-order  accuracy  standards  (fig.  3). 


HOTINE  SKEW  ORTHOMORPHIC  PROJECTION 


SCALE     1:1,000,000 
1^16  MILES 


Figure  3. 
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The  unique  design  parameters  (furnished  by  R.  M.  Berry)  are: 

4>c  =40°  35'  36" 
kc  =  74°  00'  00" 
kc  =0.999,  9929 
rj.=-4,  570,000  meters 
7'1/  =  -2,395,200  meters 
Yc  =55°  22'  23". 

Two  sets  of  coordinate  values  were  generated  for  the  project,  one  in  the 
project  datum  and  one  in  the  State  plane  datums.  One  special  datum  for  the  entire 
project  simplified  the  design  and  construction  of  the  rail  improvements  along  the 
corridor.  The  grid  systems  on  the  base  maps  matched  along  the  whole  route. 
Distances  spanning  State  lines  were  easily  computed  directly  without  conversion 
and  eliminated  the  necessity  of  equation  stations  at  State  lines.  This  added 
continuity  to  the  project.  Time  and  money  were  saved.  The  probability  of  error 
was  considerably  reduced.  At  the  same  time,  conversions  to  any  given  State  plane 
datum  can  readily  be  made,  since  control  coordinates  in  the  various  datums  are 
available  and  State  plane  grid  "tics"  are  shown  on  every  base  sheet. 

Photogrammetric  Mapping 

As  high-image  resolution  and  the  resultant  quality  of  the  final  map  are  of 
primary  importance  on  this  project,  black  and  white  photography  at  a  nominal 
scale  of  1:  2,400  was  flown  in  March  1977.  The  control  for  mapping  used  existing 
features  extended  in  horizontal  and  vertical  position  from  the  NECIP  control 
survey.  Because  of  the  need  to  establish  horizontal  and  vertical  control  along  the 
axis  of  the  corridor  for  design  and  construction,  ground  control  using  recognizable 
features  tied  to  the  second-order  survey  points  was  used.  This  method  was 
considered  the  simplest  as  the  area  is  completely  accessible  on  the  ground, 
providing  a  wealth  of  identifiable  ground  details  along  the  route. 

Air  Survey  established  five  accurate  ground  elevations  and  two  horizontal 
positions  (HPT)  for  each  stereo  model.  A  third  HPT  on  every  third  model  was  also 
established  to  eliminate  lateral  rotation. 

Classification  of  surface  features  was  accomplished  prior  to  stereo  compilation. 
Enlargements  at  1"  =  40'  will  be  prepared  from  alternate  exposures  of  the  aerial 
photography,  and  features  identified  on  same  as  to  size,  type,  materials,  and 
function. 

Recapitulation 

Essentially  no  vertical  control  problems  developed  north  of  New  York.  South 
of  New  York,  NGS  benchmarks  were  often  discovered  on  railroad  structures  which 
may  have  settled  over  the  years.  Double  running  of  75  miles  or  more  was  necessary 
to  resolve  poor  closures  and  to  ensure  FGCC  standards.  Benchmarks  were  noted 
where  discrepancies  in  elevation  differences  of  up  to  6  cm  existed  as  a  result  of 
two  independent  adjustments  made  by  NGS  in  1959  and  1972.  Because  of  difficult 
clearances  due  to  railroad  operations  and  costs,  major  river  crossings  of  the 
Hudson,  Susquehanna,  and  Connecticut  were  omitted  from  vertical  control. 
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It  should  be  noted  that  an  extremely  large  number  of  vertical  datums  are  used 
along  the  corridor.  The  first  one  is  the  National  Vertical  Datum  of  1929,  accepted 
as  the  NECIP  datum.  The  Battery  Datum  and  the  Sandy  Hook  Datum  are  also 
seen  on  some  railroad  construction  drawings.  Many  bridges  are  tied  to  a  local 
datum  of  sea  level  under  the  bridge,  and  one  A-E  designer  was  most  upset  that 
Portal  Bridge,  just  north  of  Newark  over  the  Passaic  River,  was  0.3  foot  different 
in  elevation  using  a  1903  locally  determined  datum  when  compared  to  the  Vertical 
Datum  of  1929.  Many  towns  and  cities  use  local  datums,  but  each  ward  or  district 
in  Philadelphia  has  a  different  datum.  It  soon  became  apparent  that  a  very  large 
number  of  datums  were  involved.  DCP  decided  to  use  the  1929  datum  only,  and 
left  it  to  individual  A-E's  to  solve  the  local  datum  problems.  Even  so,  the 
conversions,  lack  of  conversion,  or  errors  in  conversions  due  to  the  use  of  old 
plans  and  their  associated  datums  throughout  NEC  will  cause  errors  and  headaches 
for  generations  to  come  despite  the  fact  that  a  second-order  control  line  on  the 
National  Geodetic  Vertical  Datum  of  1929  now  exists  along  the  entire  corridor. 

In  southeast  Connecticut  a  hint  of  a  problem  which  may  exist  in  the  horizontal 
control  from  NGS  was  found.  One  mapping  subcontractor,  who  wished  to  jump 
ahead  of  control  surveys  by  doing  his  own  control,  used  other  NGS  monuments 
than  we  chose.  His  adjustment  and  the  MAS  adjustment  differ  by  1.5  feet.  This 
was  enough  to  reject  his  map  grid,  fortunately,  prior  to  final  drafting.  Even  the 
final  adjustment  of  MAS  is  barely  within  tolerance  for  second-order  work,  after 
three  reruns  of  the  line  and  several  additional  Polaris  stations.  Unfortunately,  no 
one  has  looked  carefully,  owing  to  time  and  money  constraints,  at  the  entire 
problem  to  determine  the  source  of  such  errors  which  impacted  economically  on 
the  NECIP  project. 

A  change  of  order  for  the  planned  mapping  came  from  DCP  early  in  the 
contract.  Instead  of  accomplishing  an  orderly  south  to  north  survey  in  each  of  the 
survey  firm's  areas,  12  priority  designs  caused  the  creation  of  special  mapping 
areas  with  high-priority  projects.  This  caused  as  much  as  80  miles  of  control 
surveys  to  be  run  early,  often  for  a  very  minor  map  area.  This  change  of  map 
priority  was  costly,  but  was  to  be  expected  on  a  project  of  this  magnitude.  Political 
and  engineering  priorities  take  precedence  over  survey  and  mapping  realities  and 
often  lead  to  design  managers  expecting  instant  mapping  and  survey  responses. 

I  wish  to  emphasize  that  this  surveying  and  mapping  project  was  completed 
90  percent  on  schedule  and  was  100  percent  complete  30  days  after  schedule,  or  in 
9  months.  Because  of  A-E  design  contracts  being  let  simulteneously  to  mapping, 
many  A-E  subcontractors  to  DCP  complained  loudly  of  the  lack  of  mapping,  but 
this  was  due  to  not  mapping  in  1976.  The  quality  of  maps  (vertical  and  horizontal 
control)  has  been  independently  checked  by  A-E  section  improvements  subcon- 
tractors and,  with  the  exception  of  a  very  few  scrivener's  errors  or  omissions,  has 
been  excellent.  It  was  a  successful  contract  for  all  concerned  and  would  not  have 
been  possible  without  NGS  geodetic  control.  We  had  some  difficulty  which  will  be 
solved  easily  on  future  projects  after  the  redefinition  of  the  horizontal  and  vertical 
control  nets.  However,  we  resolved  the  difficulty  by  carefully  selecting  the  NGS 
benchmarks  and  horizontal  control  points  that  were  needed. 
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Discussion 

Bossier:  Is  it  possible  to  estimate  how  much  money  it  cost  the  company  to  cope  with  the  problems  of 
today's  inadequate  networks? 

Hicks:  It  did  not  cost  the  company  any  money,  but  ultimately  it  will  cost  the  taxpayer  money  as  a  result 
of  the  delays  caused  by  resurveying  parts  of  the  networks. 
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Abstract:  The  serious  doubts  about  the  reliability  of  continental  first- 
order  levelling  networks  prompts  the  development  of  new  techniques  for 
independently  estimating  the  height  of  MSL  at  tide  gage  sites.  Techniques 
are  described  for  achieving  these  goals  from  satellite  altimetry.  The 
problems  to  be  overcome  are  illustrated  by  a  study  of  numerical  results 
obtained  from  the  1977  GEOS-3  altimetry  data  bank  and  the  gravity 
anomaly  files  for  Australia  and  central  North  America.  The  results 
indicate  that  gravity  anomalies  in  these  regions  are  compatible  with  the 
altimeter-defined  geoid  to  ±0.1  mgal.  It  also  provides  an  exacting  test 
for  the  value  of  GM. 

The  Requirement  for  First  Order  Geodetic  Levelling 

Geodetic  levelling  is  a  dynamic  operation  generating  data  related  to  the  Earth's 
gravity  field  and  defining  free  flow.  Equivalent  information  cannot  be  obtained 
from  purely  geometrical  position  fixing  techniques  owing  to  the  irregular  shape  of 
the  gravity  field.  For  example,  there  are  instances  in  Australia  where  the  grades  of 
the  level  surface  in  relation  to  an  ellipsoid  can  be  as  large  as  10  m  over  50  km 
(Mather  et  al.  1971:  fig.  3.4).  Geodetic  levelling  has  also  played  a  role  in  vertical 
crustal  motion  studies.  Such  information  is  not  exactly  equivalent  to  geometrical 
vertical  displacements  unless  appropriately  combined  with  gravity  and  mean  sea 
level  (MSL)  data  determined  as  a  function  of  time  (Mather  et  al  1978a:  appendix). 
The  recovery  of  equivalent  information  from  satellite  techniques  using  10  cm 
systems  (e.g.,  Kumar  1976)  is  not  expected  to  be  competitive  with  geodetic 
levelling  in  the  short  term,   as  the  latter  produces  data  with  a  more  favorable 


*  On  leave  of  absence  from  the  University  of  New  South  Wales,  Sydney,  Australia. 

589 


590  R.  S.  Mather  and  C.  Rizos 

signal-to-noise.  In  addition,  the  levelling  data  are  a  valuable  source  of  information 
for  modelling  crustal  mass  transfer  when  combined  with  accurate  position  fixes 
and  gravity  data  as  functions  of  time,  especially  in  the  case  of  precursory 
phenomena  associated  with  the  stepwise  mass  transfer  due  to  earthquakes. 

A  third  important  need  for  continental  geodetic  levelling  networks  is  in  the 
establishment  of  networks  of  gravity  and  height  anomalies  on  land  for  ocean 
dynamic  modelling  in  coastal  areas  (Mather  1978).  If  the  geopotential  difference 
AW  in  relation  to  the  regional  MSL  datum  were  established  at  the  general  gravity 
station  P(Latitude  </>),  according  to  the  relation 


-[  gdz  (1) 

J  MSL  Datum 


P 
' MSL  Datum 


dz  being  the  observed  difference  in  orthometric  height  in  a  region  where  the 
observed  gravity  is  gy  the  gravity  anomaly  Ag  used  in  high-precision  solutions  of 
the  geodetic  boundary  value  problem  (e.g.,  Mather  1974a:  93)  is  given  by 

Ag  =g  -y  -  2AW{  1  +  m  +/-  2/sin^>  +  AW/2ay  +  o{f2})/a  (2) 

y  being  normal  gravity  computed  on  the  adopted  reference  ellipsoid  with  equatorial 
radius  a  and  flattening/,  m  being  given  by 

m  =  a3oj2/GM  (3) 

where  G  is  the  gravitational  constant,  M  the  mass  of  the  Earth,  and  w  the  angular 
velocity  of  rotation  of  the  Earth. 

Such  gravity  anomalies,  if  correctly  processed,  contain  information  represent- 
ative of  land  areas  for  the  construction  of  global  gravity  field  models  (Mather  et  al. 
1976:  55  et  seq.).  The  establishment  and  maintenance  of  high-precision  levelling 
networks  within  500  km  of  coastlines  is  necessary  for  the  determination  of  quasi- 
stationary  sea-surface  topography  (SST)  with  wavelengths  less  than  ^,  where  £  is 
the  wavelength  of  the  highest  full  harmonic  in  the  gravity  field  which  perturbs  the 
orbits  of  altimeter  satellites  above  the  noise  level  of  the  tracking — estimated  at  10* 
km  for  a  10  cm  global  tracking  network  (Mather  1978:  sec.  4). 

Present  Day  First-Order  Level  Networks  and  MSL 

It  is  common  expectation  that  gravity  anomalies,  as  defined  in  modern  data 
banks,  refer  to  the  geoid  as  a  datum  with  a  precision  at  least  equivalent  to  that  of 
gravity  determinations.  The  heights  of  MSL  at  tide  gage  sites  as  computed  from 
first-order  geodetic  levelling,  differ  from  zero  by  amounts  significantly  larger  than 
expected  from  the  internal  statistics  of  level  net  adjustments  (e.g.,  see  Mather 
1974b  for  a  summary).  Such  departures  are  not  unexpected  on  the  basis  of 
hydrostatic  considerations  (e.g.,  Lisitzin  1974:  86).  However,  the  slopes  of  coastal 
SST,  as  obtained  from  geodetic  levelling,  are  often  of  different  sign  from  those 
obtained  by  steric  levelling,  especially  in  the  meridional  direction,  the  discrepan- 
cies being  up  to  five  times  larger  than  the  expected  precision  of  both  types  of 
estimates. 
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Oceanographic  estimates  of  SST  (£s)  are  computed  on  the  basis  of  temperature 
and  salinity  data  collected  in  oceans  with  depths  greater  than  103  m  during  the 
course  of  sporadic  surface  ship  surveys  at  different  epochs.  Such  values  of  the 
SST  are  extrapolated  to  coastlines  from  determinations  of  local  currents  (velocities 
xx,  ij)  and  estimates  of  frictional  forces  (components  Fto  Fg)  along  axes  Xj  (oriented 
east)  and  x2  (oriented  north)  in  the  local  horizon  using  the  approximate  formula 

d^Jdxa  =  (feajk  8j3    xk  +  F  Jg  (4) 

summation  convention  applying,  8jk  is  the  Kronecker  delta,  /  the  Coriolis 
parameter,  given  by 


/  =  2o>  sin  <j)  (5) 


and 


{1  if  subscripts  occur  in  order  12312.  .  . 
—  1  if  subscripts  occur  in  order  13213.  .  .  (6) 

Oifi=j;j  =  k;i=k 

There  is  a  possibility  that  the  modelling  of  frictional  forces  may  not  be 
adequate — a  contention  strenuously  disputed  by  physical  oceanographers,  who 
allege  instead,  a  penchant  for  "negligible"  amounts  of  systematic  error  to 
accumulate  in  large  levelling  networks  (e.g.,  Sturges  1974:  830). 

It  is  most  desirable  to  develop  an  independent  method  for  determining  the 
heights  of  MSL  at  coastal  tide  gages  in  relation  to  a  unique  geoid  with  a  minimum 
precision  of  ±  10  cm.  Such  information  will  also  provide  an  additional  set  of 
constraints  for  controlling  the  propagation  of  systematic  error  in  the  adjustment  of 
continental  level  networks.  The  latter  should  be  held  to  below  ±  10  cm  if  gravity 
anomalies  on  land  are  to  play  any  role  in  gravity  field  and  ocean  dynamic 
modelling.  The  problems  involved  are  summarized  in  Mather  et  ah  (1976:  54-61), 
which  reported  the  revision  of  the  Australian  gravity  data  bank  for  use  in  SST 
determinations.  The  definition  of  continental  geodetic  elevation  datums  as  part  of 
a  global  system  is  therefore  a  problem  deserving  close  examination,  as  set  out  in 
Mather  et  al.  (1978b).  Such  elevation  datum  unification  is  most  simply  conceived 
by  relating  each  MSL  datum  to  a  uniquely  defined  geoid.  This  is  most  effectively 
done  by  using  a  global  data  bank  of  satellite  altimetry. 


Satellite  Altimetry  and  Sea-Surface  Topography 

Local  estimates  of  MSL  from  tide-gage  records  have  no  geometrical  signifi- 
significance  in  Earth  space  unless  linked  by  an  appropriate  sequence  of  geodetic 
measurements,  and  are  not  necessarily  related  to  the  geoid  to  better  than  IV2  m. 
Oceanographic  estimates  of  dynamic  SST  in  relation  to  a  "level  of  no  motion"  at 
great  depth  in  the  ocean  where  isobaric  and  level  surfaces  are  assumed  to  coincide 
are  based  on  measurements  of  temperature,  pressure,  and  atmospheric  pressure. 
Such  estimates  indicate  that  the  SST  exhibits  variations  with  position  with  a  range 
of  2  m.  The  dominant  features  of  this  SST  have  been  recovered  from  an  analysis 
of  GEOS-3  altimetry  (Mather  et  al.  1978c:  sec.  7). 
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The  adoption  of  a  definition  for  the  geoid  has  been  discussed  at  length  in 
Mather  (1977).  A  definition  acceptable  to  oceanographers  (e.g.,  Montgomery  1969: 
150),  and  which  geodecists  can  live  with,  is  the  following: 

The  geoid,  for  a  selected  epoch  of  measurement,  is  that  level  surface  of  the 
Earth's  gravity  field  in  relation  to  which  the  average  nontidal  (or  quasi- 
stationary)  SST  is  zero  as  sampled  globally  in  ocean  areas. 

The  practical  implementation  of  such  a  definition  is  attempted  later  in  this  paper. 

The  role  which  can  be  played  by  coastal  estimates  of  MSL  in  such  a  definition 
is  limited  if  the  averaging  process  is  used  on  an  equal-area  basis.  If  the  geodetic 
levelling/MSL  comparisons  were  free  from  error,  it  would  indicate  that  abnormal 
conditions  prevail  along  coastlines;  the  inclusion  of  such  data  in  the  definition  of 
the  geoid  may  alias  the  results.  The  only  other  source  of  data  for  the  definition  of 
the  geoid  are  the  instantaneous  positions  X  It)  of  the  sea  surface  at  time  Una 
geocentric  Cartesian  coordinate  system  with  the  X  l  X3  plane  defining  that  of  zero 
longitude  (A)  on  a  geocentric  spherical  coordinate  system  (/?,(/>,A).  The  coordinates 
X  It)  are  obtained  from  altimeter  measurements  to  the  sea  surface  from  refined 
orbits.  Obviously,  such  data  would  need  to  have  a  resolution  of  at  least  10  cm  to 
be  of  any  use  in  the  present  context. 

There  is  little  difficulty  in  obtaining  orbits  of  GEOS-3  where  the  radial  errors 
in  position  are  controlled  at  the  1  to  2  m  level  as  a  function  of  the  available 
tracking  data  (Mather  et  al.  1978c:  sec.  2).  Improvement  beyond  this  level  is 
achieved  by  the  use  of  optimal  filtering  techniques  to  enhance  the  signal-to-noise 
ratio.  In  this  manner  it  is  possible  to  recover  long  wave  characteristics  of  the  ocean 
surface  which,  on  the  basis  of  comparison  with  independent  evaluations,  appear  to 
have  a  resolution  of  around  6  cm  (ibid). 

The  principles  underlying  SST  determinations  from  satellite  altimetry  have 
been  investigated  since  1973  (Mather  1974a)  and  are  summarized  in  Mather  (1978). 
The  spectrum  of  SST  as  obtained  from  oceanographic  considerations  contains  a 
dominant  quasi-stationary  component.  However,  there  are  significant  short-period 
terms  (e.g.,  Wyrtki  1975).  A  minimum  period  of  data  acquisition  needed  for  the 
definition  of  the  height  £.srf  of  MSL  at  a  coastal  site  is  1  year.  The  principal 
problems  which  arise  in  using  satellite  altimetry  directly  in  the  definition  of  £sd  at 
a  coastal  site,  are  the  following  (Mather  et  al.  1978b:  sec.  5): 

(1)  The  geoid  has  to  be  defined  through  wavelengths  shorter  than  €,  where  t 
has  the  same  definition  as  in  the  first  section  of  this  paper. 

(2)  The  SST  has  to  be  extrapolated  from  an  oceanic  area  to  the  coastal  site 
over  a  distance  not  exceeding  20  km  in  shallow  seas  where  boundary 
conditions  imposed  by  an  often  irregular  coastline,  prevail. 

Both  these  problems  can  only  be  resolved  by  resorting  to  carefully  planned 
regional  surveys.  In  the  case  of  (1)  it  is  necessary  to  use  the  information  contained 
in  values  of  the  height  anomaly  f '  obtained  from  satellite  altimetry,  on  a  regional 
basis  in  the  solution  of  the  "inverse"  of  the  conventional  boundary  value  problem 
(Mather  1978:  eq.  24).  This  calls  for  a  knowledge  of  the  gravity  anomaly  within  500 
km  of  the  point  of  computation  with  a  precision  better  than  0.1  mGAL  through 
"wavelengths  of  interest."  It  also  requires  the  definition  of  f  on  land  with 
resolution  better  than  10  cm  by  a  combination  of  high  precision  position  fixes  and 
first-order  geodetic  levelling  when  computing  £s.  in  coastal  areas  (Mather  et  al. 
1978b:  sec.  4). 
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The  resolution  of  the  second  problem  calls  for  a  close  oceanographic  survey  so 
that  the  SST  can  be  extrapolated  to  the  coastal  site  using  equation  4.  The  principal 
problem  is  the  modelling  of  frictional  forces  to  at  least  0.1  mgal  (10~4  cm  s-2).  This 
should  ensure  that  £s  is  extrapolated  from  a  satellite  altimetry  determined  value 
with  a  precision  of  2  cm  even  if  the  local  SST  were  abnormal  (>  2  arcsec). 

In  view  of  these  difficulties,  it  is  desirable  to  look  for  alternate  techniques  of 
determining  the  height  (£sd)  of  MSL  at  a  coastal  site.  A  method  is  available  in  the 
case  of  regional  levelling  datums  which  serve  areas  greater  than  £*  km2  if  the 
regional  gravity  anomaly  data  bank  was  computed  using  levelling  data  related  to 
this  datum  (Mather  et  al.  1978b:  sec.  3),  and  the  global  gravity  field  model  had  a 
±  10  cm  resolution  through  wavelengths  greater  than  the  smaller  dimension  of  the 
region  served  by  the  elevation  datum.  In  simplified  form,  the  method  can  be 
summarized  as  follows.  Compute  a  reduced  gravity  anomaly  Agd  given  by  the 
relation 

Ag  =  A#  -  SA  +  dga  +  o{5x  10-2  mgal}  (7) 


where  &g  is  defined  by  equation  2,  8y  is  the  effect  of  using  the  higher  reference 
model  (e.g.,  GEM  9)  as  described  in  (Mather  1974a:  90  et  seq.),  and  8ga  is  the 
effect  of  the  atmosphere  (Anderson  et  al.  1975:  p.  30).  The  height  of  MSL  at  the 
regional  datum  (£srf)  is  obtained  by  forming  observation  equations  of  the  form 
(Mather  et  al  1978b:  sec.  4) 

v  =  Agd  +  2{W0  -  U0)IR  -  2yUR  (8) 


where  W0  is  the  potential  of  the  geoid  and  U0  is  the  potential  of  the  reference 
system  due  to  the  rotating  equipotential  ellipsoidal  constituent  at  its  surface,  R 
being  the  mean  radius  of  the  Earth  for  practical  purposes,  hese  equations  can  be 
formed  over  50  area  blocks  with  additional  harmonic  models  used  to  remove 
aliasing  effects  due  to  systematic  error  patterns  in  both  the  gravity  and  levelling 
networks  (ibid:  sec.  4). 

The  successful  recovery  of  £sd  by  this  method  is  dependent  on  three  factors: 

(a)  There  are  no  other  sources  of  constant  bias  in  the  gravity  anomaly  data 
bank  apart  from  the  effect  of  the  height  of  MSL  at  the  datum. 

(b)  The  formation  of  the  observation  equations  extends  over  an  area  larger 
than  e  km2. 

(c)  The  solution  procedure  adopted  ensures  that  the  gravity  field  model  used 
on  computing  8y  introduces  no  aliasing  effect  on  the  result. 

£,sd  is  about  two  orders  of  magnitude  smaller  than  v  in  equation  8.  The  stability 
of  the  solution  is  likely  to  improve  by  using  the  largest  possible  area  means  when 
forming  observation  equations.  It  is  essential  that  the  largest  possible  area  served 
by  the  datum  be  sampled. 

The  stability  of  the  method  proposed  above  was  investigated  using  gravity 
data  sets  on  the  Australian  continent  and  the  area  covered  by  the  United  States. 
The  computations  performed  are  described  in  summary  in  the  next  three  sections. 
(For  details,  see  (ibid).) 
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Definition  of  the  Geoid  for  Epoch  1976.0  from  GEOS-3 
Altimetry 

To  define  the  geoid  for  the  epoch  1976.0  634  passes  of  GEOS-3  altimetry 
recorded  within  about  30  days  of  the  September  1975  and  March  1976  equinoxes 
were  used.  The  geometrical  position  of  the  sea  surface  was  defined  by  integrating 
GEOS-3  orbits  with  the  available  laser  tracking  data  in  5-day  arcs  using  the  GEM 
9  gravity  field  model.  Gravity  field  model  errors  (and  the  effect  of  irregular  tracking 
station  distribution)  on  the  radial  component  of  position  were  removed  by  enforcing 
crossover  constraints  per  5-day  arc.  For  some  spans  of  data  in  1976,  during  which- 
there  were  insufficient  laser  tracking  data,  the  Wallops  Flight  Center  orbits  were 
used  after  being  subject  to  crossover  constraints  as  discussed  in  detail  in  (Mather 
et  al  1978c:  sec.  2). 

The  resulting  sea-surface  positions  can  be  expressed  in  geocentric  spherical 
coordinates  (/?0,$,A).  The  geopotential  W8S  at  the  sea  surface  is  given  by 


CM    n'     T  n  \  "     n        2 

W-  =  -rl\w)     n  CanmSmm  +  Videos'*.'  +  o{2fcgalm}        (9) 

**  o    n=0  L**  0/       TO=0  a=l 


where  Canm  are  coefficients  of  the  best  available  gravity  field  model  to  degree  n' 
and  Sanm  are  surface  spherical  harmonics  of  degree  n  and  order  m.  In  the  current 
series  of  computations,  Canm  are  the  coefficients  of  GEM  9  (Lerch  et  al  1977),  as 
the  effect  of  the  atmosphere  on  the  downward  continuation  of  the  geopotential  at 
the  Earth's  surface  is  less  than  1  kgal  cm  on  the  low  degree  terms  (ibid:  sec.  6.1). 
The  potential  of  the  geoid  W 0  is  then  given  bv 

W.  =  M  {WJ  (10) 


where  M  {  }  is  the  global  mean,  which,  in  this  case,  is  restricted  to  ocean  areas 
between  parallels  65°  S  and  65°  N.  The  1977  altimeter  data  bank  was  not  fully 
representative  of  the  whole  area,  the  most  serious  omission  in  the  context  of 
evaluating  W 0  being  the  large  gap  in  the  south  Pacific.  The  results  obtained  from 
data  in  39.6  percent  of  the  33,902  1°  x  1°  squares  classified  as  ocean,  using  the 
Bermuda  calibration  of  the  altimeter  (Martin  &  Butler  1977),  was 

W0  =  6,263,682.76  ±  0.26  kgal  mt  (11) 


based  on  the  following  constants: 

GM  =  3.986  0047  x  1020cm3s-2;  o>  =  7.292  115  146  x  10-5rad  s 


(12) 


The  potential  U0  of  the  equivalent  rotating  equipotential  ellipsoid  is 

U0  =  6,263,682.68  kgal  m  (12a) 
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referred  to  a  =  6,378,140.00  m.  The  term  (W0  -  f/J  is  given  by 

W   -U    =  +  0.08  ±  0.26  kgal  mt  (13) 


Definition  of  the  Height  of  MSL  at  the  Jervis  Bay  Datum 
for  Australia 

The  Australian  gravity  data  bank  (AUSGAD  76)  is  probably  the  most 
homogeneous  at  the  present  time  (Mather  et  al.  1976).  The  data  are  in  the  form  of 
gravity  anomalies  (eq.  2)  rather  than  free  air  anomalies  kgf  computed  using  an 
approximate  formula.  On  Fourier  modelling  error  trends  in  both  the  elevation  and 
gravity  data  banks  with  wavelengths  twice  the  extent  of  the  region  and  those  in 
GEM  9  by  wavelengths  up  to  four  times  the  latter  extent,  as  described  in  Mather 
et  al.  (1978b:  sec.  7),  the  value  obtained  for  £srf  was 

RJjervlsBa.v  =   +0-21    ±  0.38  mt  (14) 

on  using  equation  13  in  equation  8.  This  result  assumes  that  there  is  no  error  in 
the  Sydney  datum  of  the  Australian  National  Gravity  Network.  This  is  assessed  as 
contributing  an  uncertainty  of  0.18  m  to  the  result  at  14  (Mather  et  al.  1976:  79). 

Estimating  Zero  Degree  Effects  in  the  Gravity  Anomaly 
Data  Bank  for  the  United  States 

Attempts  to  carry  out  the  same  calculation  for  North  America  are  not  as 
straightforward.  Elevations  at  gravity  stations  are  not  necessarily  related  to  the 
levelling  network.  However,  the  systematic  difference  between  elevations  on  the 
Canadian  and  United  States  systems  does  not  exceed  10cm  (Lachapelle  1978).  The 
gravity  data  bank  for  the  region  of  North  America  lying  between  28°  N  and  50°  N 
was  compiled  by  the  Defense  Mapping  Agency  Aerospace  Center  using  data  from 
a  variety  of  sources.  The  datum  for  gravity  values  was  that  provided  by  IGSN  71. 
The  data  used  in  the  present  set  of  computations  were  prepared  by  Rapp  (1977) 
and  rounded  off  to  the  nearest  mGal.  The  data  were  processed  as  described  in 
Mather  et  al  (1978b:  sec.  7.2).  The  zero  degree  contribution  obtained  in  relation  to 
estimated  geopotential  differences  from  the  Galveston  MSL  Datum  was 


(£  Jcalveston  =  +  0. 14  ±  0.38(?)  mt  (15) 

The  level  of  signal-to-noise  obtained  from  the  North  American  Gravity  Data 
Bank-GEM  9  comparisons  was  more  favorable  than  that  for  the  AUSGAD  76-GEM 
9  comparisons,  being  a  measure  of  the  relative  amounts  of  tracking  data  in  the  two 
regions  used  in  constructing  GEM  9. 

It  would  be  desirable  to  repeat  this  set  of  computations  with  a  gravity  data 
bank  reliably  connected  to  both  the  first-order  levelling  and  either  IGSN  71  or  a 
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standardization  network  based  on  absolute  gravity  control,  together  with  the  gravity 
field  model  obtained  after  the  complete  analysis  of  all  GEOS-3  data.  The  results 
indicate  these  gravity  anomalies  in  AUSGAD  76  and  the  set  for  central  North 
America  refer  to  the  1976.0  altimeter  geoid  to  ±  0.1  mgal. 
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Discussion 

Vanicek:  Could  you  give  your  views  on  carrying  the  information  obtained  from  the  aitimetry  for  the  open 
seas,  to  the  shore,  to  be  tied  with  the  information  obtained  from  the  shore  tide  gages? 

Mather:  This  is  not  the  kind  of  information  which  would  be  obtainable  from  this  system.  The  answer  we 
can  obtain  from  this  system  is  only  valid  in  the  regional  sense  and  it  gives  one  number  only  for  each 
continent,  island,  etc. 
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Abstract:  Heights  are  considered  as  a  proper  representation  of  the 
Earth  gravity  potential.  It  is  then  a  primary  objective  of  geodesy  to  define 
the  geoid,  respectively  a  world  height  datum,  and  compute  datum 
parameters  to  the  existing  height  systems.  The  definition  of  the  geoid  can 
be  done  by  a  physical  or  by  a  conventional  foundation;  the  latter  fits  well 
to  regional  problems  when  a  conventionally  fixed  value  a0  of  the 
semimajor-axis  of  a  mean  Earth  ellipsoid  defines  the  world  height  datum, 
in  the  courseof  both  the  Deutsch-Osterreichische  Doppler  Observation 
Campaign  (DODOC)  and  a  validation  project  for  altimetry  using  Seasat-A 
data  in  the  North  Sea  area. 


Some  Basic  Conceptions  of  Vertical  Networks 

Stimulated  by  the  intercontinental  observation  methods  of  satellite  geodesy, 
respectively,  VLBI  as  well  as  by  the  growing  requirements  of  the  users  of  geodetic 
information,  e.g.,  in  navigation  (Martin  1978),  the  request  exists  in  large  parts  of 
the  world  to  integrate  the  continental  geodetic  networks  in  a  world  geodetic 
system.  Owing  to  the  persevering  enhancement  of  the  accuracy  of  the  information 
obtained  by  space  methods,  such  results  are  applied  to  complete  and  perhaps 
improve  the  terrestrial  networks.  In  the  present  paper,  problems  are  discussed 
which  occurred  in  the  course  of  the  utilization  of  ellipsoidal  heights — e.g.,  obtained 
from  Doppler  observations  of  satellites  or  from  altimetry  over  the  oceans  for  the 
computation  of  normal  heights  or  geoidal  undulations,  respectively,  height  anomal- 
ies. The  definition  of  a  worldwide  reference  surface  of  the  height  systems  plays  an 
essential  role  within  these  investigations. 

Neglecting  time-dependent  variations  of  the  Earth  surface,  the  final  objective 
of  geodetic  work  comprises  the  determination  of  the  Earth  surface  by  means  of 
three  dimensional  coordinates  (ip  as  well  as  the  determination  of  the  gravity 
potential  on  and  outside  the  Earth  by  means  of  the  potential  values  W ' p.  It  is  an  old 
geodetic  tradition  to  provide  these  potential  values  in  units  of  length,  that  is,  in  the 
dimension  meter.  Dynamic  heights  obtained  by  multiplying  potential  differences  C  „ 
with  a  constant  factor  have  no  geometrical  meaning.  A  very  simple,  clear,  and 
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uttermost  practical  "geometrisation"  of  the  potential  function  can  be  achieved  with 
the  introduction  of  a  level  ellipsoid  as  reference  of  a  normal  potential  (Molodenskii 
et  al.  1962). 

To  the  potential  differences  C „  —  W ,,  —  W ,  correspond  the  normal  heights  H  ,„ 
to  the  disturbing  potential  T ',,  in  points  at  the  Earth  surface  the  height  anomalies  £,, 
(quasigeoidal  undulation)  and  to  the  potential  JV{)  of  a  worldwide  height  reference 
surface  corresponds  the  semimajor-axis  a  of  the  normal  ellipsoid  (fig.  1). 

The  gravity  potential  W „  in  points  P  at  the  Earth  surface  can  be  represented 
in  two  different  forms.  Potential  differences  C „  =  W^  -  W ,  (i.e.,  normal  heights) 
relative  to  an  equipotential  surface  W i  as  reference  surface  represent  the  gravity 
potential  in  a  form  especially  suited  for  cartographic  purposes.  The  second  kind  of 
representation  of  the  gravity  potential  in  form  of  the  disturbing  potential  Tp  is 
better  suited  for  mathematical  purposes. 

There  are  two  fundamental  methods  to  determine  potential  differences, 
respectively  heights.  The  first  one  consists  in  the  direct  determination  of  potential 
differences  using  levelling.  The  mathematical  formulation  of  spirit  and  astrogeode- 
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tic  levelling  corresponds  to  the  computation  of  a  line  integral  in  a  conservative  field 
of  force  !H : 

(W„-Wo)  =  C„  =  J    N(l£)dlS.  (1-1) 

Proceeding  from  this  line  integral,  the  formulas  of  spirit  and  astrogeodetic  levelling 
are  derived  in  the  appendix. 

The  second,  indirect  method  of  height  determination  can  be  used  if  ellipsoidal 
heights  are  known,  e.g.,  from  satellite  geodesy,  from  triangulation  or  from  Inertial 
Surveying  Systems.  Moveover,  T„  should  be  known,  e.g.,  as  solution  of  the 
geodetic  boundary  value  problem  of  Laplace's  equation  Ar=0.  Computing  the 
normal  potential  U p  as  a  function  of  the  ellipsoidal  height,  the  normal  height  H  can 
be  obtained  from 

C„  =  Wv  -  W,  =  U,t  +  Ttl  -  W,  (1-2) 

This  second,  indirect  method  of  height  measurement  requires  the  determination  of 
the  potential  W 0  of  the  geoid  and  the  datum  parameter  dC ,  =  W \  —  W 0  of  the 
different  height  systems.  The  determination  of  these  values  belongs  obviously  to 
the  objectives  of  "grade  measurement,"  i.e.,  the  determination  of  the  size  and  the 
position  of  the  mean  Earth  ellipsoid  as  well  as  the  corresponding  datum  parameters 
of  regional  systems. 

The  mean  Earth  ellipsoid  can  be  used  as  the  foundation  of  the  normal 
potential  U  under  the  assumption  that  the  surface  of  the  ellipsoid  is  an 
equipotential  surface  of  the  normal  potential.  As  is  well  known,  the  normal 
potential  on  and  outside  the  ellipsoid  and  also  the  geometric  shape  of  the  ellipsoid 
can  be  described  by  four  parameters. 

We  can  use  for  this  purpose  three  well-defined  (however  time  dependent) 
physical  constants  of  the  real  Earth  body  provided,  e.g.,  from  satellite  geodesy: 

kM mass  of  the  Earth, 

co rotational  velocity, 

C 20 harmonic  coefficient. 

In  addition,  we  may  choose,  within  certain  limits  arbitrarily,  as  fourth  term 
U0 potential  on  the  surface  of  the  ellipsoid 

or 

a semimajor-axis  of  the  normal  ellipsoid. 

The  normal  potential  on  and  outside  the  ellipsoid  and  also  the  shape  of  the 
ellipsoid  itself  can  then  be  computed  (Heiskanen-Moritz  1967:  64-79). 

Global  investigations  of  this  kind  turned  out  to  be  necessary  for  the  planning 
and  interpretation  of  two  regional  projects  using  satellite  data.  The  Deutsch- 
dsterreichische  Doppler  Observation  Campaign  (DODOC)  aims  at  the  estimation 
of  the  inner  accuracy  of  a  three  dimensional  NNSS-Doppler  network  by  comparison 
with  the  corresponding  terrestrial  results,  where  information  about  the  accuracy  of 
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the  height  data  is  most  desired.  Datum  parameter  for  the  transformation  of 
horizontal  and  vertical  coordinates  of  the  network  of  the  Federal  Republic  of 
Germany  into  the  NNSS-system  shall  be  computed  as  a  final  objective. 

The  second  project  is  concerned  with  the  use  of  Seasat-A  altimeter  data  in  a 
validation  experiment  within  the  North  Sea  project  of  the  Seasat  User  Group  of 
Europe  (SURGE).  This  experiment  was  suggested  within  the  framework  of  a 
SURGE  proposal  submitted  to  NASA  as  a  common  project  of  the  SFB  78 
"Satellitengeodasie"  of  the  TU  Munich  and  the  SFB  149  "Vermessungs-  und 
Fernerkundungsverfahren  an  Kusten  und  Meeren"  of  the  TU  Hannover. 

The  Definition  of  the  Geoid  and  the  Computation  of  the 
Semi-major  Axis  a  of  the  Mean  Earth  Ellipsoid 

The  determination  of  the  semimajor  axis  of  the  mean  Earth  ellipsoid  requires 
first  the  establishment  of  a  particular  equipotential  surface  as  geoid.  Just  as  in  the 
case  of  a  definition  of  a  worldwide  Cartesian  coordinate  system  for  the  surveying 
of  the  surface  of  the  Earth  (IAU  1974),  this  can  be  done  by  a  physical  or  by  a 
conventional  (i.e.,  by  international  agreement)  foundation  of  this  definition. 

The  physical  definition  of  the  geoid  as  that  particular  equipotential  surface  W \ 
of  the  Earth  gravity  potential  characterized  by  the  ideal  surface  of  the  oceans  is 
due  to  C.F.  Gauss,  although  it  was  J.B.  Listing  in  1972  who  gave  this  surface  its 
name.  However,  a  precise  realization  of  the  ideal  surface  of  the  oceans  is  not  that 
simple.  The  instantaneous  ocean  surface  must  be  corrected  for  the  influence  of  a 
lot  of  different  forces  in  order  to  realize  this  ideal  surface  of  the  oceans.  All  these 
corrections  are  comprised  to  form  the  sea-surface  topography  r. 

The  conventional  definition  of  a  particular  equipotential  surface  as  a  worldwide 
height  datum  can  be  done  in  two  ways.  First,  it  can  be  defined  by  a  mark  at  the 
Earth  surface.  All  reference  surfaces  W t  of  the  existing  height  systems  are  defined 
by  such  marks  (e.g.,  Amsterdamer  Pegel  and  mean  sea  level  for  1966  in  Portland, 
Maine).  On  the  other  hand  we  may  define  a  particular  equipotential  surface  by  the 
acceptance  of  an  a  priori  value  a0  of  the  semimajor  axis  of  the  normal  ellipsoid. 
Whereas  in  the  first  case  the  semimajor  axis  of  the  corresponding  normal  ellipsoid 
must  be  computed,  the  particular  equipotential  surface  corresponding  to  the  fixed 
value  a()  must  be  realized  in  the  second  case. 

It  is  a  primary  objective  of  geodesy,  connected  to  vertical  control  networks,  to 
define  the  geoid,  respectively  a  world  height  datum  and  determine  the  potential  Wd 
and  the  datum  parameters  dW ,  =  y e.dH ,.  It  is  very  instructive  for  further 
considerations  to  separate  this  task  into  two  steps.  We  will  first  compute  a  value 
a0,  as  precise  as  possible,  according  to  the  physical  definition.  We  may  define 
then  for  geodetic  purposes  a  world  height  datum  by  this  value  a0  and  compute 
afterwards  the  parameters  dH ,  to  the  various  height  systems.  Separating  the 
problem  in  such  a  way  we  may  easily  proceed  to  regional  projects. 

The  computation  of  W '„  and  the  datum  parameters  dW ,  can  be  done  using  all 
the  methods  applied  today  to  t he  computation  of  the  semimajor  axis  of  the  mean 
Earth  ellipsoid  (Lerch  et  al.  1977).  We  may  distinguish  the  use  of: 

1.  altimeter  data, 

2.  ellipsoidal  heights  of  fundamental  stations, 

3.  terrestrial  gravity  anomalies. 
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Most  important  for  the  computation  of  the  semimajor  axis  a  of  the  mean  Earth 
ellipsoid  from  its  physical  definition  are  altimeter  data  (Mather  1975).  If  the 
satellite  position  C£g  is  given  in  a  coordinate  system  in  absolute  position,  we  obtain 
for  bias—free  altimeter  measurements 

(h(a<)  -da-A-r-Q=0.  (2-1) 

The  height  anomalies  at  the  sea  surface  can  be  determined  with  geodetic 
methods.  From  the  potential  function  in  space,  obtained  with  the  aid  of  satellite 
methods  (analysis  of  satellite  orbits,  satellite  to  satellite  tracking,  gradiometry),  we 
may  compute  the  potential  at  the  Earth  surface  by  analytical  downward  continu- 
ation. Computing  gravity  disturbances  with  the  aid  of  altimeter  data,  we  may  also 
use  terrestrial  data  to  compute  height  anomalies  in  accordance  with  an  idea 
suggested  in  (Moritz  1974).  The  sea-surface  topography  r  can  be  computed  using 
oceanographic  techniques,  e.g.,  steric  levelling  (Godfrey  1973).  There  are  differen- 
ces to  geodetic  levelling  results,  however,  yet  unexplained  but  rather  important 
(Sturges  1973). 

If  h{a^,  A,  r,  and  £  are  exactly  known,  one  single  altimeter  observation 
equation  (2-1)  may  provide  us  with  the  necessary  knowledge  to  obtain  da. 
However,  altimetry  is  a  hard  and  complicated  business  taking  all  error  sources  into 
account  and  therefore  we  may  obtain  da  from  the  integral 


I 


(h{aj  -  da  -  A  -  r  -  Q  ds  =  0,  (2-la) 


surface  of  the  oceans, 


trying  to  improve  at  the  same  time  our  knowledge  of  the  gravity  field,  of  sea- 
surface  topography  and  the  satellite  orbits.  We  may  use  as  additional  condition 


/ 


Ag  d  cr  =  0.  (2-2) 


Taking  into  account  different  height  systems,  we  obtain 


/{ 


Over  the  oceans  H  corresponds  to  the  sea-surface  topography  and  dh  —  0,  over  the 
continents  dH  corresponds  to  the  datum  parameter  dH ,  =  dH,  constant  over  the 
region  F ,  of  a  particular  height  system.  Since  we  have  one  equation  for  several 
unknowns  dH  h  the  use  of  the  condition  equation  for  the  gravity  anomalies  seems 
less  important  as  the  use  of  the  other  types  of  geodetic  data. 

Most  important  for  the  computation  of  the  datum  parameters  dH ,  is  the  use  of 
the  ellipsoidal  heights  of  some  fundamental  stations  distributed  over  the  region  F , 
of  the  different  height  systems.  The  following  condition, 

(hp(a0)  -da-  Hp  -  dHt  -  iP)  =  0,  (2-3) 
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must  be  fulfilled  for  each  fundamental  point  P.  We  have  to  know  Cartesian 
coordinates  (i  „  of  highest  precision  and  also  the  normal  heights  of  these 
fundamental  points.  The  expression  for  Ag  (not  g!)  obtained  by  terrestrial  methods 
depends  on  the  height  H  and  therefore  on  dH  h  Using  such  datum  dependent 
gravity  anomalies  in  Stokes  integral  to  compute  £s,,  we  obtain  a  corrected  value  for 
£by 

£j  =  (Uj  +  ldHrau  (2-4) 

1=1 

with 

o«  =  5"  I  S(ipj)dFh  (2-Aa) 

2tt  J 

Fi 

where  5(i//j)  is  Stokes'function  referred  to  a  fundamental  point  Pj  (Lelgemann  1976). 
We  will  apply  now  the  result  of  these  global  investigations  to  consider  the 
situation  occurring  in  regional  projects  as  planned  in  the  Federal  Republic  of 
Germany.  Within  these  investigations  we  assume  a  world  level  datum  convention- 
ally defined  by  an  a  priori  value  of  a0.  It  remains  then  to  determine  the  datum 
parameter  dH  of  the  regional  height  datum. 

Regional  Projects  and  the  Determination  of  a  Single 
Height  Datum  Parameter  dH 

In  regional  projects  we  will  use  some  transformation  points  distributed  over 
the  regional  area  under  consideration  (fig.  2).  In  these  transformation  points  three 
dimensional  coordinates  C£p  are  assumed  to  be  given  in  a  worldwide,  absolute 
coordinate  system.  Horizontal  coordinates  <j>„  and  A.,,  should  be  given  from  a 
terrestrial  triangulation  network  in  a  relative  coordinate  system.  Finally,  we  assume 
normal  heights  H „  in  a  regional  height  system  and  geoidal  undulations,  respectively 
height  anomalies,  £„  related  to  a  normal  ellipsoid  in  the  relative  position  of  the 
terrestrial  triangulation  network.  We  transform  the  three-dimensional  coordinates 
f ,,  into  geodetic  coordinates  (/)„,  k  „  and  h  ,/  (f>  n  ,  k  „  ,  h  „  as  well  as  0,,  ,  k ,,  ,  £p 
should  be  related  to  the  same  normal  ellipsoid  with  a  semimajor  axis  a&  this  can 
always  be  achieved  by  a  suitable  transformation  of  the  data. 

From  the  seven  geometric  transformation  parameters  (Sjcj,  8x2  &t3;  Se^  8e2, 
8e3;  8M)  (three  translation-,  three  rotation-  and  a  scale  parameter)  we  will  only 
consider  as  relevant  to  the  problems  discussed  in  this  report  the  three  translation 
parameters  (8xl  ,  8x2 ,  &t3  )  in  its  geodetic  form  (8£0  ,  8i70  ,  8£0  )  (Heiskanen-Moritz 
1967:  5-9).  Add  to  these  parameters  the  height  datum  parameter  dH  as  additional 
unknown. 

We  will  further  assume  that  the  influence  of  the  unknown  height  systems  in 
other  parts  of  the  world  as  well  as  other  uncertainties  in  the  global  gravity  field 
result  mainly  in  a  constant  bias  of/£0,  a  slope  error  component /f  0  in  north-south 
direction  and  a  slope  error  component  of /n0  in  east-west  direction  within  the 
region  under  consideration.  Choosing  a  midpoint  P 0  of  this  region  as  central  point 
we  may  describe  the  undulation  error /£(/£„  ,  /n0  ,  /£0  )  by  the  translation  formulas 
of  a  datum  shift. 
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Figure  2.  — DODOC  network. 
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Considering  the  geometric  translation  parameter,  the  height  datum  parameter 
and,  if  necessary,  a  systematic  error  /£  of  the  height  anomalies  we  obtain  the 
following  observation  equations: 


with 


1  +  v  =  A 


1T=  [(*-<£),  cos0(A-X),  -(h  -(£  +//))], 

a 


Ko,  5t70,  8£0,  d//,/f0,/i70,/£0] 


(3-1) 


^  = 


-3.'i 


0 

0 

0 

0 

a  32 

a  33^ 

The  coefficients  a0  can  be  taken  from  Heiskanen-Moritz  (1967,  eq.  5-57). 

Considering  (/>,  A,  h  and  0,  X,  £,  H  as  correlated  observations  we  may  solve  a 
corresponding  equation  system  for  all  transformation  points.  Since  some  of  the 
unknowns  may  be  heavily  correlated,  the  computation  of  the  variance-covariance 
matrix  of  the  unknowns  x  seems  to  be  very  important.  Of  course,  the  correction /£ 
to  the  quasigeoid  may  also  be  modelled  using  another  set  of  approximation 
parameters. 

We  shall  probably  use  this  parameter  model  in  the  course  of  the  determination 
of  the  transformation  parameters  of  the  German  geodetic  network  into  the  NNSS 
global  system.  Doppler  observations  are  performed  and  just  under  processing  in  all 
transformation  points  of  the  DODOC  network  (fig.  2).  It  is  planned  to  perform  a 
new  adjustment  of  the  first-order  triangulation  network  to  obtain  the  best  horizontal 
terrestrial  coordinates.  All  points  will  be  connected  with  the  German  height 
system.  An  astrogravimetric  geoid  determination  is  under  progress  using  about 
8,000  gravity  anomalies  together  with  deflections  of  the  vertical  in  all  first-order 
triangulation  points  of  the  Federal  Republic  of  Germany.  The  geoid  will  be 
approximated  using  analytical  collocation  (Lelgemann  1977a),  with  a  resolution  of 
20  km,  reduced  to  10  km  in  special  areas  such  as  the  upper  Rhine  graben. 

In  the  framework  of  the  SURGE  North  Sea  project  on  the  use  of  Seasat-A 
data,  a  validation  experiment  for  high-precision  altimetry  is  planned  (Lelgemann 
1977).  We  will  compare  the  ground  truth  (astrogravimetric  geoid)  with  the  space 
data  (altimetric  geoid)  using  a  set  of  transformation  points  around  the  North  Sea. 
The  final  choice  of  these  transformation  points  is  just  under  investigation, 
considering  the  problem  also  from  practical  points  of  view. 


Appendix:  Spirit  and  Astrogeodetic  Levelling 

The  derivation  of  the  basic  formulas  of  spirit  and  astrogeodetic  levelling  is 
especially  simple  and  clear  by  computing  immediately  the  potential  difference 
(Uf—Uj)  and  therefore  the  sum  (H „  +  £,,)  of  normal  height  and  height  anomaly  as 
the  result  of  levelling.  We  consider  an  infinitesimal  line  element  at  the  Earth 
surface  (fig.  3).  We  use  as  local  reference  system  of  an  infinitesimal  line  element 
the  real  plumbline  as  z-axis  and  the  real  level  surface  as  x-y-plane: 
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The  components  of  the  normal  gravity  vector  in  the  same  coordinate  system  are 
given  by: 

yx  =  -ysinf  -  y  •  £, 


ith 


yy=  -  ysin-n  =  -  yn, 
y z  =  y  •  cos  €  =  yll-e2)  =  y 


€  =  f  ■  cos  A  +  i)  -  sin  A . 

Inserting  these  formulas  into  the  line  integral  (1-1)  we  obtain  after  a  decomposition 
into  two  parts, 


(W< 


W$  =  I  gdH 


and 


(T 


,>-Ta)  =  I  y  (f  cos ,4  +17  sin  A)  ds  -    I  (g  -  y) 


dHs 
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the  basic  formulas  of  spirit  and  astrogeodetic  levelling,  where  £  is  the  north-south 
component  of  the  angle  between  the  normal  and  the  real  plumbline  (Heiskanen- 
Moritz  1967:  316). 

As  can  easily  be  realized  from  these  equations,  astrogeodetic  levelling  provides 
the  disturbing  potential  in  points  at  the  Earth  surface,  relative  to  a  normal  ellipsoid 
not  necessarily  in  absolute  position.  The  conversion  of  the  potential  values  into 
heights  is  fully  described  in  Heiskanen-Moritz  (1967:  4).  In  the  future,  astrogeodetic 
levelling  may  become  again  very  important  within  the  operation  of  Inertial 
Surveying  Systems. 
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Abstract:  The  present  Canadian  vertical  reference  system  is  based  on 
the  first  continental  adjustment  of  the  Canadian  vertical  framework  made 
in  1928  and  realized  through  the  fixed  zero  values  of  three  Atlantic  and 
two  Pacific  tidal  stations.  The  70,000  km  of  lines  levelled  since  the  1928 
Adjustment  have  been  adjusted  to  fit  previously  published  elevations.  The 
shortcomings  and  problems  affecting  the  present  system  are  discussed. 
Systematic  errors  plague  large  parts  of  the  networks.  A  redefinition  is 
necessary  in  order  to  meet  present  and  future  needs  in  surveying, 
geodesy,  Earth  sciences,  and  environmental  management.  Geodetic 
Survey  of  Canada's  intentions  regarding  a  North  American  redefinition 
are  given. 

Historical  Background 

The  first  continental  adjustment  of  the  Canadian  levelling  network  took  place 
in  1928  (Cannon  1928).  The  37,000  km  of  precise  levelling  included  in  that 
adjustment  are  shown  in  figure  1.  Three  Atlantic  tidal  stations  (Halifax,  Yarmouth, 
and  Pointe-au-Pere)  and  two  Pacific  (Vancouver  and  Prince  Rupert)  were  held 
fixed  together  with  Rouses  Point  located  south  of  Montreal  on  the  Canada-U.S. 
border.  The  decision  to  hold  this  border  point  fixed  had  been  reached  by  the 
United  States  and  Canada  in  1925.  An  adjustment  made  by  holding  fixed  the  three 
Atlantic  tidal  stations  (0  m)  and  Rouses  Point  gave  a  value  of  18  cm  for  the 
Vancouver  tidal  station  (Cannon  1928:  10-11),  while  the  difference  of  sea  level 
between  Halifax  and  Vancouver  is  about  60  to  70  cm  according  to  steric  levelling 
(Sturges  1974),  an  average  value  of  about  60  cm  was  also  derived  from  a  1963 
adjustment  of  U.S.  networks  (Braaten  and  McCombs  1963). 

The  1929  General  Adjustment  carried  out  by  the  U.S.  Coast  and  Geodetic 
Survey  included  75,200  km  of  U.S.  lines  and  31,600  km  of  Canadian  lines  (Berry 
1976).  Mean  sea  level  was  held  fixed  (0  m)  at  26  tidal  stations,  the  Canadian  ones 
being  the  same  ones  used  in  the  1928  Canadian  adjustment  reported  earlier,  and 
the  Canadian  and  U.S.  networks  were  connected  at  24  points  along  the  border. 
The  resulting  reference  system,  designated  as  the  "Sea  Level  Datum  of  1929"  was 
adopted  by  the  United  States;  its  name  was  changed  to  "National  Geodetic  Vertical 
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Figure  1. — Canadian  vertical  framework  used  in  the  1928  adjustment. 

Datum  of  1929"  in  1973.  Canada  did  not  adopt  this  datum,  because  the  values  of 
the  1928  Canadian  Adjustment  had  been  published  only  1  year  earlier,  and  such 
an  early  change  would  have  caused  some  confusion  among  users.  Canadian  and 
United  States  vertical  networks  are  therefore  on  different  vertical  reference 
systems.  Differences  between  U.S.  and  Canadian  values  of  border  points  reach  a 
maximum  of  10  cm  (Cannon  1935:  13) 

A  1929  Special  Adjustment,  including  the  same  data  as  used  for  the  1929 
General  Adjustment,  was  also  carried  out  by  the  U.S.  Coast  and  Geodetic  Survey 
in  order  to  derive  relative  elevations  of  mean  sea  level  at  various  points  on  the 
Atlantic  and  Pacific.  It  indicated  an  upward  tilting  of  the  sea  level  of  about  0.3  m 
towards  the  north  (Cannon  1935:  15-16). 

It  is  interesting  to  note  that,  although  it  was  known  at  that  time  mean  sea 
level  varied  from  point  to  point  along  the  coasts  owing  to  several  reasons,  the 
datums  adopted  in  Canada  and  the  United  States  were  based  on  0  m  tidal  stations, 
because  the  departures  of  local  mean  sea  level  from  a  basic  mean  equipotential 
surface  were  thought  to  be  of  the  same  order  of  magnitude  as  the  observational 
errors  in  the  levelling  networks  and  confusion  could  be  caused  among  users  if 
published  values  near  the  coasts  were  not  compatible  with  tidal  observations  (Berry 
1976:  151). 

In  the  early  50's,  a  new  adjustment  of  the  entire  Canadian  levelling  network 
was  made  by  the  Geodetic  Survey  (Jones  1956).  It  included  some  42,000  km  of 
levelling  lines  and  was  based  on  three  Atlantic,  one  Hudson  Bay,  and  two  Pacific 
tidal   stations.    Differences   with   the   published   values  derived   from   the   1928 
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FIGURE  2. — Canadian  vertical  framework  and  Canadian-United  States  junction  points  (1977). 

Adjustment  attained  about  15  cm,  and  no  changes  were  made  to  the  previously 
published  elevations. 


Present  Status  of  Vertical  Networks 

The  actual  first-order  network  under  the  jurisdiction  of  Geodetic  Survey 
consists  of  about  105,000  km  of  lines  (see  figure  2)  and  44,000  bench  marks.  Since 
the  1928  Adjustment,  new  lines  have  been  adjusted  to  fit  previously  published 
values.  Hence  the  present  vertical  reference  system  is  based  on  the  1928  mean  sea 
level  values  at  the  five  tidal  stations  used  during  the  1928  Adjustment;  the 
assumption  that  both  the  Pacific  and  Atlantic  Oceans  are  at  the  same  level  is 
therefore  implicit. 

Double-run  levelling  has  always  been  used  in  first-order  work.  The  allowable 
discrepancy  between  forward  and  backward  levellings  between  bench  marks  is 
4mm\/£,  K  being  the  distance  in  kilometers  between  bench  marks.  Some  sight 
lengths  in  the  older  work  are  over  100  m.  The  maximum  sight  length  allowed  as  of 
this  year  is  60  m. 

There  are  about  40  junction  points  between  Canadian  and  United  States  first- 
order  levelling  networks;  the  locations  of  these  are  also  shown  on  figure  2.  Of  the 
105,000  km  of  lines  comprising  the  first-order  network,  15,000  km  have  been 
levelled  twice.  Geodetic  Survey  is  currently  observing  5,000  to  6,000  km  of  first- 
order  levelling  per  year,  2,000  km  being  new  levelling  and  the  remaining  3,000  to 
4,000  km,  relevelling  of  existing  lines. 


612 


Gerard  Lachapelle 


FIGURE  3. — Vertical  networks  in  Canada's  hinterlands. 

Geodetic  Survey  is  also  responsible  for  about  20,000  km  of  second-order  and 
25,000  km  of  third-order  work.  Various  provincial  agencies  perform  first-,  second-, 
third-,  and  fourth-order  levelling.  In  1971,  there  was  an  estimated  50,000  km  of 
spirit  levelling  done  (first  and/or  lower  order)  in  the  hinterland  (unsettled)  areas  of 
the  country  (Department  of  EMR  1971)  as  shown  on  figure  3. 


Problems  Related  to  Present  Networks 

Since  the  present  reference  system  is  based  on  the  assumption  that  Atlantic 
and  Pacific  Oceans  are  at  the  same  level,  a  systematic  60-  to  70-cm  East- West 
bias  may  affect  published  values.  This  is  a  severe  accuracy  limitation  in  view  of 
current  and  potential  geodetic  and  geophysical  uses  such  as  VLBI,  satellite 
techniques,  and  geodynamics.  In  a  future  redefinition,  Geodetic  Survey  may  favour 
an  unconstrained  adjustment  (1  point  fixed)  to  define  the  datum.  This  concept  is 
being  studied  by  both  the  Geodetic  Survey  of  Canada  and  the  U.  S.  National 
Geodetic  Survey. 

In  the  1960's,  a  6,400-km  line  was  relevelled  from  Vancouver  to  Halifax.  A 
comparison  between  this  line  observed  along  highways  and  another  one  observed 
in  the  1920's  along  railways  revealed  a  2.2-rri  discrepancy  as  shown  in  figure  4. 
The  reason  for  this  troublesome  difference  has  not  been  found  as  yet.  The  single 
first  line  puts  the  Vancouver  tidal  station  1  cm  higher  than  the  Halifax  one,  while 
the  corresponding  value  obtained  from  the  recent  line  is  196  cm.  The  above 
comparison  between  levelling  lines  observed  at  different  periods  indicates  that 
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FIGURE  4. — Discrepancy  between  two  Canadian  levelling  lines. 


parts  of  the  vertical  networks  may  be  affected  by  relatively  large  unknown 
systematic  errors. 

Refraction  is  a  problem  that  may  not  have  been  given  the  attention  it  really 
deserves,  and  it  may  cause  larger  errors  than  expected  previously  (Holdahl  1978). 
In  Canada,  levelling  observations  have  traditionally  been  carried  out  through  the 
day  regardless  of  atmospheric  conditions  and  sight  distances  reached  over  100  m 
in  former  times.  The  task  to  accomplish  was,  and  still  is,  enormous,  and  a 
reasonable  compromise  was  maintained  between  speed  and  accuracy.  The 
temperature  gradient  has  not  been  measured.  However,  permissible  maximum 
sight  distances  have  gradually  been  reduced  to  60  m  today.  For  the  first  time  this 
summer,  two  levelling  crews  will  be  equipped  with  temperature-measuring  devices 
in  order  to  determine  temperature  gradients. 

The  effect  of  real  gravity  was  not  taken  into  account;  only  a  correction  for  the 
change  of  normal  gravity  with  latitude  was  applied.  However,  there  exists  an 
adequate  gravity  coverage  everywhere  in  the  country  except  for  the  Western 
Cordillera  area  to  predict  gravity  at  bench  marks  other  than  those  where  it  has 
been  observed  directly  (at  an  estimated  15,000  stations  in  Eastern  Canada)  (Nassar 
1977).  In  the  Rocky  Mountains,  gravity  is  measured  at  least  at  all  bench  marks 
since  last  year  in  cooperation  with  the  Earth  Physics  Branch.  It  is  the  intention  of 
Geodetic  Survey  to  have  gravity  eventually  measured  at  all  bench  marks  in  that 
area. 

There  are  over  2,000  km  of  water  transfers  in  the  framework.  They  were  given 
infinite  weight  during  the  1928  Adjustment.  Their  use  in  the  future  redefinition  will 
be  reassessed.  Their  weights  and  those  of  the  levelling  lines  will  also  be  reassessed; 
a  preliminary  study  by  Vanicek  et  al.  (1972)  revealed  that  the  actual  distribution  of 
errors  in  some  lines  deviates  significantly  from  the  expected  normal  distribution. 

Long-term  vertical  movements  associated  with  land  uplift  and  subsidence  are 
expected   to  affect  the  vertical  framework.   They  have  been  determined  by 
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comparing  the  results  of  at  least  two  levellings  in  very  limited  parts  of  the  country 
by  Frost  and  Lilly  (1966),  Gale  (1970),  and  Vanicek  (1976a,  b).  Obviously,  the  use 
of  levellings  made  at  different  periods  to  detect  crustal  movement  depends  on  how 
successfully  systematic  errors  can  be  eliminated.  If  levellings  observed  at  different 
epochs  are  to  be  adjusted  simultaneously,  dynamic  effects  will  have  to  be  taken 
into  account. 

Attitude  Towards  the  North  American  Redefinition 

The  need  for  a  redefinition  of  the  vertical  reference  system  in  Canada  is 
recognized  by  Geodetic  Survey  in  view  of  the  errors  affecting  the  present  system 
and  current  and  future  needs  not  only  in  surveying  and  geodesy,  but  also  in  Earth 
sciences  and  environmental  management  (Lachapelle  et  al.  1977). 

A  definite  commitment  towards  a  North  American  redefinition  cannot  be 
made  at  present,  because  a  detailed  cost/benefit  analysis  of  a  redefinition, 
upgrading,  and  extension  of  our  vertical  networks  has  not  been  completed,  and 
thus  adequate  resources  have  not  yet  been  allocated  to  this  project.  However,  it  is 
the  firm  intention  of  Geodetic  Survey  to  participate  in  a  North  American 
redefinition  by  at  least  automating  all  the  actual  data  and  carrying  out  some  of  the 
related  research  and  analysis.  Cooperation  with  the  U.S.  National  Geodetic  Survey 
has  begun,  and  tentative  agreements  have  been  reached  (Whalen  1978). 

About  25  percent  of  the  data,  i.e.,  all  observations  made  since  1967,  have 
already  been  partly  automated.  The  automation  of  the  remaining  data  has  begun 
and  is  expected  to  take  about  6  to  8  years  at  the  present  rate.  Some  of  the  research 
to  be  carried  out  in  connection  with  the  problems  described  in  the  previous  section 
has  been  contracted  out  to  a  university. 

A  10-year  plan  to  upgrade  and  extend  the  framework  was  designed  5  years 
ago,  as  described  in  McLellan  (1974),  but  was  supplanted  by  other  priorities.  We 
intend  to  update  this  plan  on  the  basis  of  current  and  future  needs  in  all  fields. 
The  current  and  potential  accuracy  of  satellite-positioning  techniques  and  geoid 
determinations,  i.e.,  the  direct  determination  of  orthometric  heights  from  a 
combination  of  satellite-derived  ellipsoid  heights  and  geoid  undulations,  is  expected 
to  have  an  important  impact  on  that  plan  for  the  hinterland  areas  of  Canada  in 
view  of  costs  and  benefits  of  satellite  techniques  versus  those  of  spirit  levelling. 

Conclusions 

The  present  Canadian  vertical  reference  system  is  no  longer  optimal  in  view 
of  the  inherent  problems  and  systematic  errors  that  affect  large  parts  of  vertical 
networks.  Thus,  the  need  for  a  redefinition  is  recognized  and  Geodetic  Survey 
intends  to  participate  into  a  North  American  redefinition.  Although  Canada  and 
the  United  States  have  lived  for  50  years  on  separate  vertical  systems,  a  new  and 
fully  integrated  system  over  North  America  has  great  advantages  in  view  of  current 
and  future  needs. 
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NGVD  READJUSTMENT  PROGRAM 
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Rockville,  MD  20852 


Abstract:  NOAA  is  undertaking  a  National  Geodetic  Vertical  Datum 
(NGVD)  readjustment  program.  The  NGVD  program  will  be  accomp- 
lished in  the  years  1978-85  and  will  cost  an  estimated  $26  million  and 
require  928  man-years.  The  framework  for  the  readjustment  will  be  Basic 
Net  A  which  consists  of  120,000  km  of  first-order  level  lines.  Surveys  will 
relevel  and  replace  destroyed  marks  on  100,000  km  of  level  lines  of  Basic 
Net  A,  using  first-order  procedures.  An  additional  20,000  km  of  first- 
order  leveling,  observed  since  1963,  will  be  considered  for  inclusion  in 
Basic  Net  A.  Any  portion  of  this  recent  leveling  that  does  not  form 
satisfactory  loop  closures  with  the  new  work  will  be  releveled.  Data  for 
728,000  km  of  previous  leveling  observations  and  descriptions  will  be 
obtained  from  the  archives,  automated,  and  loaded  into  the  National 
Geodetic  Survey  (NGS)  data  base.  Geographic  positions  will  be  determi- 
ned from  maps  for  all  bench  marks  loaded  in  the  data  base.  A  study  will 
be  made  to  determine  how  to  define  the  datum  for  the  new  adjustment. 
The  entire  national  network  of  first-  and  second-orr** ■:  leveling  will  be 
readjusted  to  produce  a  homogeneous  set  of  new  heights  on  a  common 
datum.  The  readjustement  will  be  accomplished  in  geopotential  units 
using  gravity  values  observed  on  bench  marks  or  interpolated  from  data 
base  files.  After  adjustment,  the  geopotential  heights  will  be  changed  to  a 
height  system,  as  yet  unspecified,  for  publication  and  distribution. 

Introduction 

Preliminary  meetings  have  been  held  with  representatives  of  NGS  and  the 
Geodetic  Survey  of  Canada  to  initiate  planning  for  redefinition  of  the  North 
American  vertical  control  network.  Frederick  Diercks,  Executive  Secretary  of  the 
U.S.  Section  of  the  Pan  American  Institute  of  Geography  and  History,  has  been 
asked  to  arrange  a  planning  meeting  next  winter  (1978-79)  with  the  countries  of 
Central  America  and  Mexico.  International  symposia  on  the  redefinition  of  the 
North  American  vertical  control  network  are  tentatively  planned  for  1980  in 
Canada  and  1984  in  the  United  States. 

Purposes 

The  history  of  geodetic  leveling  in  the  United  States  has  been  well  documented 
by  Berry  (1976)  of  NGS.  About  450,000  km  of  level  lines  have  been  added  to  the 
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national  net  since  the  1929  adjustment.  The  net  now  consists  of  525,000  km  of 
first-  and  second-order  level  lines.  (See  figure  1.)  During  recent  years,  level  lines  in 
the  United  States  have  deteriorated,  because  of  crustal  movement,  subsidence, 
distortions  from  patching  new  surveys  to  old  adjusted  elevations,  and  destruction 
of  bench  marks.  We  will  strengthen  the  primary  vertical  control  net  of  the  United 
States  with  100,000  km  of  new  first-order  leveling.  We  will  also  replace  destroyed 
bench  marks  where  we  relevel. 

About  125  primary  tide  gages  will  be  connected  to  a  common  vertical 
reference  system  for  use  in  coastal  zone  management,  flood  plain  determinations, 
etc.  We  must  redetermine  elevations  not  only  for  the  lines  we  relevel  but  for  the 
entire  national  net  using  a  simultaneous  adjustment  of  the  latest  survey  data  over 
the  lines. 

Determination  of  the  magnitudes  and  locations  of  crustal  movement  areas  will 
be  an  important  element  in  our  task  of  providing  reliable  elevations  to  the  public. 
We  now  have  many  vertical  reference  systems  in  North  America.  We  will 
cooperate  with  the  other  North  American  countries  to  combine  these  systems  into 
a  common  North  American  system. 

Scope 

The  NGVD  Readjustment  Program  will  be  carried  out  in  the  years  1978 
through  1985.  The  program  will  cost  about  $26  million  in  new  and  reprogrammed 
funds  and  require  928  reprogrammed  person-years.  The  survey  effort  will  be 
carried  out  by  11  NGS  leveling  teams  in  1978  and  1979,  and  by  14  NGS  leveling 
teams  thereafter.  One  NGS  and  four  Defense  Mapping  Agency  (DMA)  gravity 
teams  will  make  base  ties  and  observe  gravity  on  bench  marks  of  Basic  Net  A. 

The  following  program  tasks  are  scheduled: 

(1)  Relevel  and  replace  destroyed  bench  marks  on  100,000  km  of  Basic  Net  A 
(See  figure  2)  to  provide  a  framework  for  the  readjustment. 

(2)  Determine  gravity  values  to  sufficient  accuracy  for  all  bench  marks  along 
120,000  km  of  Basic  Net  A  so  the  effect  of  this  error  on  elevation 
differences  will  not  exceed  0.0003  geopotential  units. 

(3)  Reorganize  the  descriptions  for  500,000  bench  marks  in  30-minute  by  30- 
minute  quad  form  for  keying,  key  and  edit  them,  and  determine  positions 
of  these  bench  marks. 

(4)  Key  and  edit  observations  from  728,000  km  of  historic  leveling  into  the 
NGS  data  base  format. 

(5)  Determine  elevations  for  the  480,000  bench  marks  in  the  NGS  publication 
file. 

(6)  Publish  in  quad  format  and  distribute  descriptions  and  elevations  for  the 
480,000  bench  marks  in  the  NGS  publication  file. 

Preparations 

A  very  significant  amount  of  work  has  been  done  in  the  past  2  years  to 
prepare  for  the  NGVD  Readjustment  Program.  A  study  and  test  of  leveling 
instrumentation  and  procedures  were  accomplished.  The  results  are  documented 
in  a  report  by  Whalen  and  Balazs  (1976).  New  observing  and  recording  procedures 
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have  been  adopted  on  NGS  leveling  surveys  as  a  result  of  these  findings.  One  of 
the  new  procedures  is  the  keying  of  observations  on  a  programmable  calculator 
which  checks  them  against  tolerance  limits  and  records  acceptable  observations  on 
cassettes  for  transfer  to  a  computer  over  telephone  lines. 

A  separate  study  has  been  made  of  bench  mark  monumentation  resulting  in  a 
manual  for  setting  geodetic  bench  marks,  authored  by  Richard  Floyd  of  NGS.  This 
study  included  development  of  a  new  stainless  steel  rod  mark  which  will  replace 
both  the  shallow  and  deep  copper  clad  steel  rod  marks  used  by  NGS  in  recent 
years. 

A  new  manual  of  geodetic  leveling  is  being  prepared  by  Ralph  Berry.  In 
addition,  chapters  5,  6,  and  7  on  vertical  control  of  the  Input  Formats  and 
Specifications  for  the  NGS  Data  Base  have  been  prepared  for  publication.  These 
formats  are  being  used  on  all  NGS-sponsored  vertical  control  surveys. 

Automation  of  the  archival  vertical  observation  and  description  records  in  the 
NGS  Data  Base  format  has  been  initiated  for  California  and  for  some  of  the  East 
Coast  States.  Work  has  been  initiated  on  a  motorized  leveling  system.  Reports 
from  Sweden  (Becker  1977)  indicate  that  an  average  of  11  to  12  km  per  day  of 
single-run  leveling  can  be  accomplished  with  a  motorized  leveling  system  when 
first-order,  class  II  observing  procedures  are  used.  This  production  rate  exceeds 
the  NGS  production  rate  by  60  percent,  indicating  a  high  priority  for  NGS  to 
construct  such  a  system. 

Specifications  To  Support  Classification,  Standards  of  Accuracy  and  General 
Specifications  of  Geodetic  Control  Surveys  (FGCC  1975)  has  been  revised  and  is 
being  circulated  for  comments. 

BASIC  NET  A 

Basic  Net  A,  the  primary  control  net  for  the  United  States,  is  shown  in  figure 
2.  The  100,000  km  of  lines  to  be  releveled  under  the  NGVD  program  are  shown  by 
black  lines.  The  20,000  km  of  lines  which  have  been  releveled  since  1963  are 
shown  by  the  wide  black  lines.  Any  portion  of  this  recent  leveling  that  does  not 
form  satisfactory  loop  closures  with  the  new  work  will  be  releveled.  The  NGS  1978 
work  area  is  shown  in  the  shaded  area  of  the  figure. 

SCHEDULE 

The  NGVD  program  schedule  is  shown  in  figure  3.  Leveling  and  gravity 
surveys  will  start  in  May  1978  and  be  completed  in  May  1985.  Conversion  of 
description  files  from  line  to  quads  for  keying  and  publication  is  well  under  way 
and  will  be  completed  in  December  1978.  Contract  keying  and  editing  of 
descriptions  will  be  completed  in  December  1981.  A  contract  is  being  let  for 
plotting  bench  marks  on  topographic  maps,  digitizing  the  coordinates,  and 
converting  the  coordinates  to  geographic  positions.  This  work  is  scheduled  for 
completion  in  December  1981.  Keying  and  editing  of  leveling  observations  from 
previous  surveys  are  in  progress  and  will  be  completed  in  March  1984. 

Preliminary  adjustments  of  old  and  new  surveys  will  be  started  in  October 
1978  and  completed  in  March  1984.  The  final  adjustment  will  be  initiated  in 
October  1983  and  completed  in  June  1985.  Much  of  the  preliminary  publication 
work  will  be  accomplished  with  the  keying  and  editing  of  descriptions.  When  the 
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FY78  FY79  FY80  FY81  FY82  FY83  FY84  FY85 


XX  XXXX  XXXX  XXXX  XXXX  XXXX  XXXX  XX 
XX  XXXX  XXXX  XXXX  XXXX  XXXX  XXXX  XX 


Leveling  Surveys 

Gravity  Surveys 

Archive  Data  Conversion 

Convert  Desc.  to  Quads     XXXX   X 

Keying  of  Descriptions        XXXX  XXXX  XXXX  XXXX    X 

B.M.  Positions  X   XXXX   XXXX  XXXX    X 

Key  &  Edit  Observations     XXXX  XXXX  XXXX  XXXX    XXXX    XXXX 

Preliminary  Adjustments  XXXX  XXXX  XXXX    XXXX   XXXX  XX 

Final  Adjustments  XX 

Publication  &  Distribution 

Figure  3. — Work  schedule  for  NGVD  readjustment  program. 


XXX 
XXXX 


final  adjustment  is  completed,  elevations  will  be  computed  and  added  to  the 
publication  file.  Quad  publications  can  be  generated  from  computer  files  for 
printing  and  distribution  by  October  1985. 

STATUS  OF  ARCHIVAL  DATA  CONVERSION 

Figure  4  shows  the  status  of  converting  description  files  from  lines  to  quads  in 
preparation  for  keying  and  editing.  To  date,  415,000  descriptions  have  been 
converted  and  85,000  remain  to  be  processed.  Figure  5  shows  the  keying  and 
editing  status  for  descriptions.  To  date,  268,000  have  been  processed  and  232,000 
remain  to  be  done.  Most  of  this  work  has  been  done  under  contract  in  Detroit.  The 
status  of  determining  geographic  positions  of  bench  marks  is  shown  in  figure  6.  To 
date,  10,000  descriptions  have  been  prepared  for  the  contractor,  90,000  positions 
have  been  determined,  and  400,000  remain  to  be  determined.  Figure  7  shows  the 
status  of  leveling  observations  keyed,  and  of  leveling  observations  keyed  and  edited 
from  the  archives.  At  present,  175,000  km  of  leveling  have  been  keyed  and  edited 
and  553,000  km  remain  to  be  done. 


Cooperative  Survey  Program 

The  National  Geodetic  Survey  has  initiated  a  budget  request  for  a  cooperative 
survey  program  primarily  with  State  and  local  agencies.  Accent  will  be  on 
establishing  control  survey  capability  at  the  State  level.  We  are  optimistic  that  this 
program  will  be  approved  and  that  it  will  commence  at  a  reduced  rate  in  Fiscal 
Year  1979. 

A  large  portion  of  this  effort  will  go  into  vertical  control  surveys  and  have  a 
direct  impact  on  the  NGVD  Program.  The  purposes  of  the  program  are:  (1)  provide 
technical  coordination  and  leadership  to  Federal,  State,  and  local  agencies  for 
surveys  that  contribute  to  the  national  networks;  (2)  extend  the  national  networks 
into  unsurveyed  areas;  (3)  replace  national  network  control  in  areas  where  it  has 
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Bench  Mark  Positions     500K 

Prepared  1 0K 

§  Determined         90K 

FIGURE  6. — Status  of  bench  mark  positions  prepared  and  key  under  contract. 


Archive  Processing 
Observations  Keyed  Observations  Keyed  and  Edited 

FIGURE  7.  — Status  of  keying  and  editing  leveling  observations  from  the  archives. 
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deteriorated  beyond  reliable  use;  and  (4)  ensure  compatibility  of  Federal,  State, 
and  local  data  files  for  all  surveys  that  will  become  part  of  the  national  geodetic 
reference  systems. 

QUESTIONS  TO  BE  RESOLVED 

The  following  questions  remain  to  be  answered  for  the  program: 

(1)  What  can  be  done  to  maximize  releveling  production  while  maintaining 
accuracy?  Motorized  leveling  may  be  the  answer. 

(2)  How  should  refraction  errors  be  removed  from  new  leveling?  We  have 
initiated  a  contract  with  Prof.  Boris  Garfinkel  of  Yale  University  to  review 
the  problem  of  refraction  errors  and  how  to  correct  for  them  in  new 
leveling  when  temperatures  are  observed  for  temperature  gradients. 

(3)  How  can  historical  observations  be  corrected  for  refraction?  Holdahl  (1978) 
of  NGS  has  started  a  study  to  determine  if  more  meaningful  refraction 
corrections  can  be  obtained  for  previous  leveling  surveys. 

(4)  Are  there  large  undetected  systematic  errors  in  precise  leveling?  Compar- 
isons of  repeat  levelings  between  tide  gages  on  the  west  coast  of  the 
United  States  and  those  across  Canada  (Lachapelle  1978)  give  an  indication 
that  large  unaccounted  for  systematic  errors  may  exist  in  precise  leveling. 
Studies  are  needed  to  pinpoint  these  errors  if  they  exist. 

(5)  How  should  mean  sea-level  observations  be  treated  in  the  readjustment? 
Some  distortions  to  the  leveling  net  may  have  been  caused  when  mean 
sea-level  heights  were  fixed  in  the  1929  adjustment.  We  must  determine 
what  part  the  mean  sea-level  observations  can  play  in  the  new  adjustment 
without  distorting  the  net. 

(6)  What  weighting  system  should  be  used  for  the  readjustment?  Leveling 
observations,  surveyed  over  many  years  using  different  instrumentation 
and  observing  procedures,  will  be  combined  in  the  new  adjustment 
Procedures  for  weighting  leveling  and  sea-level  observations  will  have  to 
be  developed  for  the  adjustment. 

(7)  How  should  the  datum  be  defined  for  the  readjustment?  As  noted  above, 
the  datum  for  the  1929  adjustment  was  defined  by  the  tide  gage  elevations 
that  were  not  allowed  to  take  on  corrections  in  the  adjustment.  For  the 
new  adjustment,  one  elevation  could  be  held  to  define  the  datum.  Tide 
gage  elevations  on  the  Atlantic  or  Pacific  Coast  could  be  entered  as 
observations  to  define  the  datum  for  the  adjustment.  Also,  tide  gage 
elevations  on  one  coast  could  be  corrected  for  the  expected  difference  in 
elevation  from  tide  gage  elevations  on  the  other  coast,  and  the  resulting 
elevations  from  both  Atlantic  and  Pacific  Coasts  could  be  used  as 
observations  to  define  the  datum  for  the  new  adjustment. 

(8)  How  should  crustal  motion  be  treated  in  the  readjustment?  Many  level 
lines,  which  will  not  be  reobserved  for  the  NGVD  program,  have  been 
disturbed  by  crustal  motion.  Procedures  must  be  developed  for  taking  this 
crustal  motion  into  account  when  new  elevations  are  computed  for  these 
lines. 

(9)  What  height  system  should  be  used  to  calculate  elevations?  The  readjust- 
ment will  be  made  in  geopotential  units.  After  the  adjustment,  elevations 
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will  have  to  be  calculated  on  a  suitable  height  system  for  publication.  A 
study  must  be  made  to  determine  which  system  should  be  used  for 
calculating  these  heights. 

Summary 

This  year,  1978,  the  United  States  has  begun  a  7-year  program  to  improve  the 
elevations  of  the  national  vertical  network,  to  restore  destroyed  marks  on  100,000 
km  of  the  network,  to  relate  primary  tide  gages  to  the  new  vertical  reference 
system,  and  to  determine  the  magnitudes  and  locations  of  crustal  movements.  The 
NGVD  program  is  part  of  an  international  program  to  redefine  the  North  American 
vertical  control  network  on  a  common  reference  system.  The  NGVD  Readjustment 
Program  will  be  conducted  in  close  cooperation  with  the  other  North  American 
countries. 
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Discussion 

Tscherning:  Should  your  list  of  causes  of  distortion  in  leveling  be  augmented  by  Earth  tides':' 

Whalen:  We  correct  for  theoretical  Earth  tides.  Bill  Strange  has  laid  out  a  program  for  using  Earth  tide 
meters  which  is  still  being  considered. 

Mitchell:  Would  you  care  to  indicate  what  NGS's  plans  are  for  replacing  the  Monroe  calculators  used  to 
record  leveling  observations. 

Whalen:  We  introduced  recording  on  the  Monroe  calculator  so  we  could  move  as  much  of  the  quality 
control  as  possible  to  the  instrument  station  and  catch  errors  before  the  instrument  is  moved.  Then 
observations  can  be  repeated  when  an  error  is  made.  The  calculator  is  limited  tor  our  use  in  that  it 
has  only  12  registers  and  160  program  steps.  We  are  now  looking  into  a  microprocessor-based  unit 
which  can  be  programmed  in  basic  or  Fortran  languages — a  recorder  that  you  could  hold  in  your 
hand.  This  recorder  would  hold  1  or  2  days'  observations  and  be  able  to  apply  many  more  checks  to 
the  data.  Theoretically  we  could  even  have  office  corrected  observations  at  the  end  of  the  section 
when  the  forward  and  backward  runnings  are  compared. 

Vanicek:  If  the  only  justification  for  using  geopotential  numbers  as  the  system  in  which  the  adjustment 
is  going  to  be  done  is  that  this  is  the  only  system  in  which  the  loops  closed,  then  geopotential 
numbers  are  really  not  required.  Any  height  system  in  which  actual  surface  gravity  is  taken  into 
account  is  s-uited  for  this  purpose.  In  any  of  the  systems,  the  loops  theoretically  close  to  zero. 

Whalen:  The  actual  gravity  is  definitely  going  to  be  taken  into  account  in  the  new  adjustment. 
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Abstract:  Basic  principles  and  problems  inherent  in  establishing  models 
for  interpreting  releveling  data  with  respect  to  height  changes  in  time  are 
pointed  out.  The  use  of  multivariate  statistics  is  demonstrated  on  the 
results  of  levelings  of  the  first-order  German  Height  Datum  in  the 
Rhinegraben  and  Rhenish  shield  area,  one  of  the  best  geodetically 
observed  areas  in  Europe. 


Introduction 

With  regard  to  the  questions  of  the  geosciences  for  the  dynamics  of  the 
Earth's  crust,  geodesy  has  been  able  to  give  some  quantitative  answers  in 
particular  for  the  rates  of  the  recent  movements.  Although  modern  spaceborne 
observations  provide  a  relative  cheap  and  fast  method  which  could,  moreover, 
yield  regional  and  global  information  of  motion  and  movement  of  active  tectonic 
zones,  terrestrial  leveling  is  furthermore  of  primary  concern  considering  local 
vertical  variations.  The  results  of  relevelings  carried  out  for  the  third  time  along 
the  lines  of  the  first-order  German  Height  Datum  (DHHN)  in  the  Upper  Rhinegra- 
ben area  performed  by  the  Hessian  Department  of  Surveys  as  well  as  a  priority 
research  programme  of  the  Deutsche  Forschungsgemeinschaft,  "The  driving 
mechanism  of  epirogenic  movements:  Rhenish  shield"  gave  the  occasion  for  a 
detailed  analysis  of  the  leveling  networks  in  the  Rhenish  shield  area  (fig.  1).  In 
addition,  the  circumstance  that  in  this  part  of  the  DHHN  different  observation 
methods  were  used  offered  the  opportunity  for  comparisons.  Besides  theoretical 
approaches  on  statistical  models  for  time-dependent  measurements,  the  paper  in 
consideration  summarizes  the  experiences  of  an  interdisciplinary  work  on  the  topic 
mentioned  above  (Groten  1978,  Hein  1978,  Prinz  1978,  Schwarz  1978). 
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FIGURE  1. — Location  of  investigated  leveling  networks  in  Germany  (I  =  Rheinland-Pfalz,  II  = 

Hessen). 


Geometry  of  Terrestrial  Leveling  with  Respect  to  the 
Parameter  Time 

In  order  to  verify  vertical  changes  of  points  in  time  on  the  Earth's  surface  let 
us  inspect  figure  2.  in  which  P  x  is  supposed  to  be  a  fixed  point.  Wi  (tj )  denotes  the 
potential  at  point  P,  at  time  tj;  W2  denotes  the  potential  at  the  point  P  2  which  has 
moved  during  the  interval  (t2  —  t  J  =  8t  from  P2  to    P? 

In  figure  2  it  is  realized  that,  in  addition  to  the  vertical  movement  of  P2  during 
8t,  a  change  of  the  geoid  has  also  taken  place  which  is  possible  due  to  internal 
mass  changes  as  well  as  due  to  ground  water  table  variations,  etc.,  over  long  time 
intervals.  Taking  into  account  the  fact  that  terrestrial  leveling  implies  observations 
of  potential  differences  within  a  moving  reference  frame  which  usually  is  defined 
by  the  geoid,  then  terrestrial  repeated  leveling  data  yield  8h  (t  J  and  dhit^, 
respectively,  and  the  difference 


Ah(t2)  -  Mi{tx)tP2{tx)  -P^ih) 


(1) 


In  contrast,  the  variation  of  height  differences  with  time  as,  for  example, 
could  be  found  by  spaceborne  observations  using  only  geometrical  quantities  is 


Therefore, 


AA'  =  P2(tl)  -  P'2  (h)  =  [W,-W2  (t,)]  -  [Hl-H2  (t2)] 


AA"  =  Afc'  -  [Ah(t2)  -  Mitt)] 


(2) 


(3) 
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TERRESTRIAL  RELEVELING: 
3 g- VARIATIONS: 
SPACEBORNE  OBSERVATIONS : 


Ah(t2)-Ah(t1)  /  Ah1 

Ah"  =  Ah'-[Ah(t2)-Ah(t1) ] 


Ah'  =  [H1-H2(t1)]-[H1-H2(t2)] 

Figure  2. — Geometry  of  releveling. 

has  to  be  found  from  dg~variations  within  the  interval  At,  if  we  like  to  compute 
vertical  height  variations  in  time  from  releveling  data.  For  short-time  intervals  A; 
=  t2  -  1 2,  it  is  often  sufficient  to  neglect  the  potential  differences  AW  {At) 
associated  with  crustal  movements.  In  that  case  leveling  results  are  treated  as 
metrical  quantities  which  is  justified  whenever  g(Ax ')  =  const  and  dg{At)  =  0.  Thus 
with  Aw(At)  =  0  leveling  increments  yields  immediately  the  elevation  variation  Ah' 
of  P2  with  respect  to  Pv 

Requirements  for  Monitoring  Vertical  Crustal  Movements 
by  Leveling 

The  principal  problems  encountered  by  monitoring  vertical  changes  in  time  by 
leveling  data  are  the  following: 

(1)  The   results   of  repeated   measurements   characterize   only   changes   of 
potential  differences  as  mentioned  in  chapter  2.   Therefore,   we  have  to 
consider  carefully  the  necessity  of  repeated  gravity  surveys  as  well  as  the 
registration  of  certain  influences  as,  for  example,  changes  of  the  ground 
water  table  (Schwarz   1978),   which  can  be  also  the  reason  for  potential 
variations. 
(2)  Before  establishing  a  time-dependent  model  the  network  reliability  should  be 
analyzed  in  order  to  take  into  account  the  stochastic  behavior  of  the  net.  In 
Hein  (1977,  1978)  some  test  procedures  concerning  the  use  of  multivariate 
statistics   are   described.    Investigations   of  the  leveling   results   in   the 
Rhinegraben  area  have  shown  that  the  network  on  the  left  side  of  the  graben 
shoulders  indicate  no  changes  of  height  considering  the  signal-to-noise  ratio, 
whereas  the  heights  on  the  right  side  show  a  significant  downward  trend.  In 
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consequence,  when  using  for  example  a  velocity  model  for  recent  crustal 
movements  on  the  left  side  where  for  historical  reasons  another  observation 
method  was  applied,  no  real  values  for  the  velocity  rates  could  be  evaluated. 

(3)  In  knowledge  of  the  stochastic  characteristics  and  significant  height 
variations,  a  model  for  computing  changes  in  height  specific  for  the  net 
under  consideration  should  be  established. 

(4)  The  evaluated  changes  in  height  cannot  be  directly  identified  as  vertical 
crustal  movements.  Influences  such  as  ground  water  table  variations,  and 
artificial  extraction  of  oil,  and  natural  gas  have  to  be  taken  into  account 
unless  the  computation  model  considers  these  effects  as  additional 
parameters. 

In  order  to  have  powerful  statistics  for  analyzing  the  networks'  reliability, 
which  we  regard  as  an  essential  topic,  we  will  outline  the  basic  features  of 
multivariate  statistics  and  hypotheses  we  successfully  used  in  the  Rhenish  shield 
area. 


Multivariate  Statistics  and  Hypotheses 

Why  multivariate  statistics?  Tests  as  proposed  for  example  by  Pelzer  (1971) 
only  allow  a  comparison  between  two  sets  of  measurements.  Univariate  tests  of 
linear  hypotheses  prove  the  special  features  of  one  observation  epoch  without 
taking  into  account  relations  between  sets  of  measurements  of  different  times.  A 
complete  assessment  of  all  observations  considering  also  correlations  between  the 
periods  is  given  by  the  technique  of  multivariate  analysis  as  a  generalisation  of 
analysis  of  variance.  Owing  to  the  fact  that  the  whole  network  is  not  systematically 
reobserved  at  each  epoch  we  have  to  construct  different  models  of  least-squares 
multiadjustments  with  regard  to  different  design  matrices.  In  the  following  I 
summarize  shortly  the  main  guidelines  of  the  constructed  linear  models  for  multiple 
measurements  and  some  multivariate  tests  of  general  linear  hypotheses  with 
special  emphasis  on  the  aim  of  detecting  and  characterizing  significant  height 
variations  (Hein  1977,  1978). 

(1)  If  the  whole  network  is  reobserved  in  each  epoch  under  the  same 
measurement  program  we  have  the  same  design  for  each  repetition.  Let  us  call 
this  model 

Model  1 . — Univariate  design  with  multiresponse  observations. 

Y  =XB  -  E  (4) 

where  Y_  is  a  mXp  matrix  of  observations,^  the  nXm  design  matrix,  and  J? 
the  mXp  matrix  of  unknown  heights.  Multiresponse,  that  means:  we  have 
performed  an  experiment  on  a  certain  subject,  and  each  repetition  gives  us  a 
response  by  the  subject.  Here  we  look  for  responses  of  the  different  bench 
marks. 

The  estimation  of  the  unknown  heights  is  given  then  by  the  usual  (here 
"simultaneous")  BLUE  vector.   In  contrast  to  the  Gauss-Markoff  model,  we 
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get  instead  of  the  residual  sum  of  squares  which  has  the  form  of  a  scalar  the 
pXp  matrix  of  residual  sum  of  squares  and  products. 


R0  =  (KM  -XYQCB-Y) 


iS) 


(2)  If  each  measurement  in  a  certain  epoch  has  a  different  design — but  no 
missing  bench  marks — -we  have  to  construct 

Model  2. — Multivariate  design  with  multiresponse  observations  (Press  1972f 
219) 


vec(F) 


Xx       0      .  .  .     0 


0 


0 


0 
X, 


*1 

Bo 


B, 


+  vec(£) 


(6) 


where  all  design  matrices  have  the  same  format. 

(3)  Frequently  it  happens  that  considering  model  2  some  observations  are 
missing  because  of  failing  or  damaged  bench  marks.  Then  the  different  design 
matrices  in  (6)  have  unequal  format.  Under  the  assumption  that  observations  are 
not  missing  in  a  systematic  way  we  can  find  certain  least-squares  estimators  for 

Model  3. — Incomplete  multiresponse  designs.  With  respect  to  recent  crustal 
movements,  we  are  concerned  with  the  question  of  significance  of  height 
changes  in  time,  which  we  can  treat  by  testing  the  general  linear  multivariate 
hypothesis 


H0:  CBU  =  W  against  the  alternative  H:  CBU  4=  W 


(7) 


where  C  is  a  given  sXm  matrix  handling  all  types  of  treatment  contrasts  (relations 
between  the  unknowns  within  each  epoch)  whereas  the  matrix  (pXu)  U  handles 
problems  of  response  contrasts,  e.g.,  relations  between  (certain)  unknowns  of 
different  epochs.  Testing  the  significance  of  height  changes,  we  may  set,  for 
example, 


C  =Ji  (I_  =  identity  matrix) 
W  =  0 


and 


U  = 


1     0    0 
1     1     0 


L  o    o   o 


i 


m 


By  this  way  we  are  testing  the  consistency  of  heights  during  all  epochs.  But 
also  certain  epochs  and/or  certain  bench  marks  can  be  investigated  by  modelling 
the  matrix  U. 
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The  associated  tests  are  called,  respectively,  the  A-criterion  (or  likelihood 
ratio  test),  the  sum-of-the-roots  (or  trace)  test  and  the  largest-root  test  from  which 
the  first  is  given  by  formula  (9) 


\Q\ 


1 


\G+H\      ,-il+A, 


^  A 


(9) 


where  a  being  any  preassigned  level  of  significance.  The  uXu  matrices //  and  G 
are,  respectively,  the  matrix  due  to  the  hypothesis  and  the  matrix  due  to  the  error, 
A,  are  the  eigenvalues  of  the  matrix  (H  G)~l.  By  introducing  the  zero-hypothesis  H0 
we  get  for 


H  =  {CBU-W)T  \C(XTX)lCT]-1  {CBU-W) 


(10) 


and  for 


G  =UTR0U 


(11) 


FIRST  (AND  SECOND)  ORDER  LEVELLING  NETWORK  OF 
HESSEN  (FRG) 
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Figure  3. — Significant  height  changes  of  all  bench  marks  except  at  the  points  2242,  632072,  632088, 
632007,  632102,  632127,  and  632134.  (Tests  in  the  coordinate-free  approach  under  the  a  =  0.01 
level  of  significance.) 
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FIRST  ORDER  LEVELLING  NETWORK 
OF  RHEINLAND-PFALZ  (FRG) 
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Mjusmms  kith  rssiFwiiws  « 
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FIGURE  4. — Significant  height  changes  only  at  bench  marks  with  underlined  point  numbers.  (Tests  in 
the  coordinate-free  approach  under  the  a  =  0.01  level  of  significance.) 

R0  is  the  specific  model-dependent  (pXp)  residual  sum  of  squares  and  products 
matrix.  (For  further  details  see  Hein  (1977,  1978.)).  It  should  be  mentioned  that,  for 
testing  the  significance  of  height  changes  in  leveling  networks  by  the  statistical 
procedures  as  given  above,  no  stable  bench  mark  characterized  by  Hip)  =  0  is 
necessary  when  using  a  generalized  inverse  (pseudoinverse)  (Koch  1978). 


Example:  Leveling  Networks  in  the  Rhinegraben  and 
Rhenish  Shield  Area/F.R.  Germany 

The  investigations  in  the  Rhinegraben  and  Rhenish  shield  area  (see  fig.  2)  are 
mainly  based  on  the  results  of  the  first  order  German  height  datum  (DHHN), 
whereby  the  oldest  observations  are  performed  in  the  decade  1928-38  using  a  spirit 
leveling  instrument  and  the  double-run  method.  The  two  parts  bounded  right 
(Rheinland-Pfalz)  and  left  (Hessen)  by  the  Rhine  are  observed  in  different  ways, 
owing  to  historical  and  political  reasons.  Both  departments  of  surveys  used  an 
automatic  level  for  the  second  and  third  epoch,  respectively;  however,  in  Hessen 
the  observation  method  by  Schwarz  (1978)  was  used.  The  standard  errors 
calculated  by  the  observation  differences  of  the  double-run  were  given  for  both 
with  0.3  to  0.4  [mm  Vkm]. 

As  shown  in  figures  3  and  4,  multivariate  adjustments  according  to  model  1  of 
chapter  4  were  performed  in  order  to  analyze  the  network  reliability  with  respect 
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to  height  changes.  For  the  purpose  of  testing  the  significance  of  changes  in  time 
the  coordinate-free  approach  using  a  pseudoinverse  was  chosen.  No  remarkable 
potential  change  was  found  for  3  to  4  decades  in  the  Rhinegraben  area  where 
surface  movements  less  than  0.5  [cm/a]  take  place.  The  influence  associated  with 
the  increase  of  ground  water  table  depth  of  less  than  0.5  [m/a]  could  be  neglected. 
Interpreting  the  results  of  the  adjustments  we  find  an  excellent  accuracy  for 
the  Hessian  part:  0.3  [mm/Vkm]  for  the  root  mean  square  error  of  unit  weight  and 
standard  deviations  of  the  heights  between  0.5  and  3  [mm]  for  the  last  epoch, 
whereas  for  the  part  of  Rheinland-Pfalz  the  appropriate  quantities  tend  between 
0.6  to  0.7  [mm/vkm]  and  3  to  6[mm],   respectively.   This  fact  confirms — 
independent  of  any  observation  error  formula — that  the  observation  method  by 
Schwarz  (1978),  based  on  double  runs,  is  superior  to  others.  On  the  other  hand, 
looking  on  the  results  of  the  significance  analysis  of  the  two  parts  according  to 
chapter  4  (see  figs.  3  and  4)  we  can  say  that  in  such  a  tectonic  area  as  the  Rhenish 
shield  with  height  changing  rates  of  less  than  0.5  [mm/a]  an  accuracy  of  less  than 
0.4  [mm/Vkm]  is  necessary  to  detect  such  movements  by  releveling  data. 
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[Concluding  Remarks] 

Discussion 

Bossier:  Some  years  ago,  I  asked  John  Gergen  to  organize  this  symposium. 
Although  he  was  very  busy,  he  accepted  the  challenge  and  used  as  a  model  the 
excellent  symposium  held  in  New  Brunswick  in  1974.  I  believe  we  now  have 
another  appropriate  model  for  future  symposia. 

I  want  to  take  a  moment  to  thank  John  and  his  staff,  comprised  of  Jim  Sten, 
Vic  Pfeifer,  Gary  Young,  Robert  Hanson,  Allen  Pope,  Libby  Wade,  and  Eleanor 
Andree.  I  would  appreciate  your  giving  them  a  hand. 
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